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Results  are  presented of two-group  criticality  c+&ilatic+ps  made  for 
sodium-hydroxide-cooled,  moderated,  and  reflected  re+tors f.29 various 
concentrations  and  compositions of reactor  fuel-elc+ent  stqactural 
material.  These  specific  criticality  results are firesent& in a gen&al- 
ized  manner  to  permit  rapid  evaluation of the criticali$y'requirements for 
a wide  range of other  structural  material  composition q=nd concentrations 
which  may  be of interest  from  considerations of corros 'hi on,  strength,  and 
heat-transfer-surface  requirements. 
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Based  on  turbojet-engihe  cycle  operating  conditions  optimized  for 
minimum  airplane gross weight,  the  maximum  reactor  fuel-element  and 
coolant  temperatures  are  related  to  the  reactor  heat  release  and  airplane 
gross weight  for a range of the  reactor  heat-transfer  variables  for  flight 
at  altitudes  of 30,000 and 50,000 feet  and  Mach  numbers  of 0.9 and 1.5. 
For  the  calculations,  airplane  lift-drag  ratio  is  assumed  constant  at 6.5 
for  supersonic  and 16 for  subsonic  flight.  The  weight of shield plus 
reactor  plus  payload plus auxiliaries  (herein  designated as WK) is  assumed 
constant  at two different  values  namely, 100,000 and 150,000 pounds;  the 
calculated  results  for 100,000 pounds  are  considered  representative  for  the 
divided-type  shadow  shield,  .the  results  for 150,000 pounds  apply  for  the 
unit  bulk  shield. 

The results  provide a basis  for  compromise  of  the  advantages of higher 
cyele  efficiencies  (and  hence  lower  airplane gross weights,  reactor  heat 
releases,  and  engine airflows) attainable  at  high  reactor  fuel-element 
temperatures  with  the  advantages of higher  reactor-material  strength  and 
corrosion  resistance  attainable  at Low fuel-element  temperatures. 

For  subsonic  flight  at  altitudes of 30,OOO and 50,000 feet  and  for 
values of WK of 100,000 and 150,000 pounde,  maximum  reactor  fuel-element 
temperatuPes  of  the  order lLOOo to  l2OO0 P can  be.  maintained wfth a reactor 
core  diameter of 2 feet.  The  airplane g r o s s  weight  and  reactor  heat 
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release  are  approximately 200,000 pounde  and 70,000 kilowatts,  respect- 
ively,  for WK of 100,000 pounds  and  are  proportionately  increased  to 
approximately 300,000 pounds  and,lQ0,000  kilawatts,  respectively,  for WK 
of. 150,000 pounds.. 

P 

. .  

Supersonic  flight at a 30,000-foot  altitude  increases maximum 
reactor  fuel-element  temperatures  to  the E 0 O o  to 1300° P range  for approxi- 
mately  the same values of airplane gross weight  as  required  for  subsonic 
flight;  reactor  heat  releases  required,  however,  are  about  four  times 
greater  than for subsonic  flight. 
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Supersonic flight at 50,OOO feet  altitude  requires  maximum  re.actor 
fuel-element  temperatures  to increamto the 1300° to EQOo F range f o r  
WK of 100,000 pounds, and to  the 1400° to 1600* F range  for WK of 
150,000 pounds.for a reactor  core  diameter of2 feet.  For  thie fliet 
condition,  reduction  in  maximum  fuel-element  temperature  to  the U O O  to 
1200' F level  for e of 100,000 pounds,  and  to  the 1200° to L300° F l e v e l  
f o r  WK of 150,000 pounds,  can be achieved  by  an  increase  in  reactor  core 
diameter  to 2.5 feet.  Airplane  gross  weight  and  reactor  heat  release  are 
then 300,000 pounds  and 350,000 kilowatts,  reepectively,  for WK of \ 
100,OOQ ppunds  and  are  proportionally  larger  for WK of 150,000 pounds. 

Enriched  uranium  investments  for the hot  unpoisoned  reflected  reactor, I 
containing  sufficient  high-nickel-alloy fuel elements to provide  appropri- 
ate  heat-transfer  surface for the  aforementioned  reactor  and  airplane 
flight  conditions,. are of the order o f  35 aud 50 pounds for core  diameters 
of 2.0 and 2.5 feet,  resepctively. As fuel-element  structural  material  in 
the  reactor  is  reduced  to,&ero  concentration,  the  uranium  investment8 
approach 15 and 20 pounds &or the 2.0- and.2.5-foot core  diameters, 
respectively.  The  excess  uranium  required  to  counteract  burnup  and the 
poisoning  effects' of equilibrium  xenon,  samarium,  and  other  fission 
products  resulting from reactor'  operation .f.m -24 hours at 300,000 kilmtte 
is  estimated  to  be less than 10 pounds. At  this  poisoned  condition, the 
temperature  coefficient of reactivity for reactors wLth high-nickel-allay 
fuel  elements was calculated  to be negative and- the  order of -0.00006 
per OF. 

INTRODUCTION 

Reactors cooled and moderated  by  liquid  hydroxides, with uranium 
either  contained  in  fixed  st'ructural  elements  or  present in compound 
form as a slurry in the  hydroxide,  have many attractive  features to 
warrant  detailed  investigation of their  applicability to aircraft  nuclear 
propulsion.  The  high  effectiveness of the,  hydroxides  in slowing darn 
neutrons  makes  for  relatively s m a l l  reactor  sizes  and  hence small shield 8 

weights,  which  is particularly essential  in  aircraft  application. The u ~ e  
of hydroxides,  in  functioning  as  combined  coolant-moderator, leads to less 

.r 
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complicated  reactor  core-  structures  compared  with  the  air-cooled  or 
liquid-metal-cooled  reactors  which  require  incorporation of a separate 
moderator  into  the  reactor. No pressurization  is  required  to  keep  the 
hydroxides  in  the  liquid  state  at  the  operating  temperatures  required 
for  the  aircraft  application;  in  addition,  the  hydroxides  maintain 
reasonably  high  densities  at  these  temperatures.  These  two  character- 
istics  represent  important  advantages  over  the  use of water as a 
coolant  -moderator. 

N cn co cn Important  disadvantages  in  the  use of the  hydroxides  are  associated 
with: (a) their  relatively l ow heat-transfer  coefficients  as  compared 
with  the  liquid  metals;  (b)  their  high  melting  points;  (c)  their  suscept- 
ibility  to radiation decomposition; (a) their  corrosive  action  on  the 
available  materials having the  high-temperature  strength  required in the 
reactor  and  reactor  coolant  loop. 

The  inferior  heat-transfer  ability of the  hydroxides  compared  with 
the  liquid  metals  is pmtly compensated  by  the  greater  reactor  coolant- 
flow area  and  Puel-element  heat-transfer  surface  area  attainable  with  the 
hydroxides  due  to  absence  of a fixed  moderator.  LaJer  heat  fluxes  can 
therefore be attained  in  the  hydroxide  reactors so that’temperature 
differentials  between  fuel  element  and  coolant  for  the  hydroxide  case 
can  be  made  to  approach  that  for  the  liquid-metal-cooled  reactor. 

Because of the  high  melting  points of the  hydroxides,  the  procedure 
for filling  and  for  draining  the  reactor  coolant  requires  prior  heating 
of  the  reactor  and  loop,  wfifch  introduces  complications  in  starting  up 
and  shutting  down  the  nuclear  power  plant. 

Whether  radiation  decomposition  of  the  hydroxides  at  the  operating 
conditions is an important  enough  consideration  to  rule out the  hydroxides 
as  possible  reactor  coolant-moderator  remains  unanswered  at  this  time. 
Experience  with  water  at  high  temperatures  and  pressures,  has  indicated 
that  decomposition  is  much  less  severe  than  previously  believed  because 
of the  high  rates of recombination.  Because  the  same  mechanisms  for 
recombination  are  operative  for  the  hydroxides,  this fact is encouraging. 

The  major  problem  iq  the  use  of  the  hydroxides  is’the  development  of 
materials  possessing  both  high-temperature  strength and corrosion  resis- 
tance  to  the  hydroxides.  Inasmuch as strength  and  corrosion-resistant 
properties  of  materials  become  progressively  poorer  with  increases  in 
temperature,  it  is  advantageous  to  operate  at  the  lowest  fuel-element 
temperatures  consistent  with  the  requirements of reasonable  reactor  total 
heat  release’s  and  airplane g r o s s  weights. 

It  is  the  purpose  of this report  to  establish  *ther  the  hydroxide 
reactor  shows  sufficient  promise  for  aircraft  application froin the  stand- 
point of :  (1) achieving small reactor  sizes  with  reasonable  fissionable 
material  investments;  and (2) providing  required  reactor  heat  releases at 
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required  coolant  temperatures  without  the  nece.ssity of excessive  fuel- 
element  temperatures. The investigation. was conducted. at the NACA Lewis 
laboratory. 

Some evaluation work of the sodium hydrokide reactor for aircraft-.. 
propulsion has been made iri references I t o  3. . O f  the common hydroxides, 
sodium hydroxide has been generally  selected  because of -its re la t ive ly  
low melting  point and i ts  eatisfactory  neutron  absorption  properties. 

fn 
Eu 
Ln 
Eu 

Reference l i s  concerned with a 1ow:powered stationary  reactor 
intended -to serve  as a step i n  the  approach. t o  &. high-power reactor. 
In  reference 2 a general  design and  performance study i s  made of a 
nuclear-powered  subsonic  airplane  having a homogeneous sodiy.u.hydroxide 
reactor   ( reactor   in   which. the uranium is  assumed as being  dissolved or 
present 88 a slurry i n  the hydroxide). The study points up many of the 
prac t ica l  problems involved i n  a hydroxide react6 power-plant system. 
In  reference 3 a brief  study is made-of a sodiuin hydroxide reactor  with 
f ixed   fue l  elements. The resul ts   indicate   that  the sodium hydroxi& 
reactor  with  f ixed fuel elements i s  suf f ic ien t ly  promising fo r  subsonic 
s i rcrafkpropuls ion (Mach number, 0.8) to j u s t i f y  developmental m r k .  b 

In  the  present  report more extensive  _elrploratory  calculation8  are 
made of t h e   c r i t i c a l i t y  and heat-transfer  characterist ics of the sodium- I 
hydroxide-cooled  and  moderated reactor  with  fixed fuel elements. The - 

calculation  results  provide: 

(a) A generalized  chart  permitting  rapid  engineering  evaluation 
of c r i t i c a l i t y  requirements for ref lected sodium hydroxide reactors 
incorporating  structural  materials 0 f .a  wide range of compoeftfona and 
concentrations. . .  

(b)  An evaluation of maximum reactor  fuel-element  tarperatures,  for 
a range of reactor  heat-transfer  variables,  necessary t o  sa t i s fy   the  power 
requirements  corresponding to  both  subsonic and  supersonic a i r c ra f t  
propulsion. " - ". . . . . . . . .  - . . . . .  . . . . . .  - -. " - . -. - 

( e )  A basis  for compromise o f t h e  advantages of higher  turbojet 
cycle .eff ic iencies  resulting from operation at high fuel-elementempera- 
tures  with-the advantages of higher structural-material  strength and 
cprrosion  resistance  result ing from operation at low fuel-element 
temperatures. . .  . . .  . .  

(a) An indication of the temperature  coefficients of. reac t iv i ty  and 
excess uranium requirements c u r r e s p o q d i ~  .to . . e ~ ~ ~ l i b r i . ~ _ f i s . s i o n - . p r o d u c t  
poisoning  for  several  reactor  assemblies of interest .  
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SCOPE OF INITSTIGATION OF REACTJYITY VARIABLES , 

The reactor  core FS taken as a right circulaz  cylinder of length- 
diameter ratio  equal  to  unity.   Fissionable material is contained  within 
tubes  or  plates  over which the 6 0 d i ~ m  hydrox3.de UaOH flows to   pick-up  the 
fission  heat  generated  wlthin the f iss ionable  material. The core i s  
ref lected by routing of NaOH around the core  pr ior   to  i t s  passing  through 
the core, as schematically  indicated  in figure 1. The composition of the 

N reactor  core i s  primarily NaOH with a relat ively.small  volume of s t ruc tura l  
Lu material  containing  fissionable material and possibly a diluent,   or CJl 
cn car r ie r ,   fo r  the fissionable material. 

Crit icali ty  Calculations 

Reactor s i z e  and uranium investment are dependent, t o  a large  extent, 
on the  amount and composition of the s t ruc tu ra l  material present   in  the 
reactor  core. A t  present;however, no s t ruc tu ra l  materid is  known that 
is sa t i s fac tor i ly   res i s tan t   to   cor ros ion  by NaOH at the temperatures 

structural material composition  can  be made f o r  a specific  evaluation of 
the  NaOH-cooled and  moderated reactor. 

t required  for   the  a i rcraf t   appl icat ion,  Hence, no definite assignment of 

\ 

As ind ica ted   in  the section under "Method of  Generalization of 
Cr i t i ca l i t y  Results", r e a c t o r   c r i t i c a l i t y  requirements are fnfluenced 
by s t ruc tu ra l  material content  principally through two quantit ies:  the 
macroscopic thez-mal absorptfon  cross  section of the s t ructure  ZSA,th 
and the  reactor volume fract ion 'of s t ructure  fs. For  convenience, the 
macroscopic cross  section CsA t h  i s  put on a uni t   reactor  volume basis 
and i s  hereaf ter   referred  to  ab the the- absorption  parameter 
fsCsA,th. ( m o b  me defined  in  'appendix A. ) me effec t  of variatfon 
of fs  on c r i t i c a l i t y  is determined on the basis of theoretical   consider- 
ations. me effect of f s p A , t h   f o r  a given fs must be determined by 
detailed cr i t ica l i ty   ca lcu la t ions  made f o r  several structural-material  
compositions and concentrations. By means of these  parameters,   cri t icali ty 
results for specif ic   s t ructural   mater ia l   contents   in   the  reactor   can  be 
p lo t ted   in  a generalized.manner t o  be applicable  for a wide v m i e t y  of 
other  structural   material  compositions and concentrations. 

The following  specific  reactor-core  compositions were  chosen for  
the cr i t ica l i ty   ca lcu la t ions   to   p rovide  the basic data required  for mapping 
the c r i t i ca l i t y   chazac te r i s t i c s  of the family of NdH-cooled and moderated 
reactors over a suitably  lazge  range of values of the thermal absorption * 

parameter f$='A,th. 
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Reactor I Composition by volume- , Ni , Fe , Na 1 fs 1 f a t h  

I11 .90 
1.00 " " " 0 0 

For these reactors, a wide ran e of uranium U concentration, 
corresponding t o   r a t i o s  of H ta  U 35 atoms R from 50 t o  500, were 
investigated. The reactor   f iss ion spectrum ranged from thermal t o   i n t e r -  
mediate  (fast-fission  contributions from 10 t o  50 percent of the t o t a l ) .  
Various  thicknesses of NaOH re f lec tor  from zero t o  efTect lvely  inf ini te  
were investigated.  Reflector effects were measured by the two-group 
reflector  savings,  defined as the difference between the unreflected  and 
the reflected  reactor-core radii. 

I n  reactors  I and 11, structural material content i s  taken as 
8 percent by volume of N i  and  Fe, respectively,  Nuclear  properties of 
these metals bracket  the  properties of a large number of high-temperature 
alloys and ceramfcs  considered t o  be satisfactory,  nuclearwise,  for  use 
i n   a i r c r a f k r e a c t o r s .  The 8-percent  concentration of these metals I s  
suf f ic ien t ly  high t o  provide for a fuel-element  design and auxi l iary 
s t ruc tu re  having adequate heat-transfer surface f o r  a reactor of the 
order of 300,000-kilowatt  output,  Metallic N a  is included i n  the 
reactor as representative,  nuclearwise, of the fissionable-material. 
diluents or ca r r i e r s  that may be present  within the f u e l  elements. 
Reactor I11 represents the limftlng case of zero  structural  material 
content.  Reactor IV provides 8 compazison of the effect of the N a  
additive on reactor cri t icali ty and represents the t r u l y  homogeneous 
reactor type. 

Two-group neutron  diffusion  theory w a s  e q l o y e d   i n  the c r i t i c a l i t y  
calculations.  Spherical geometry was assumed i n  the ref lected  reactor  
calculations and a transformation made t o  cyl indrical  geometry  under the 
assimrption that the   r e f l ec to r  savings remain the same. The derivation and 
method of solution of the two-gfoq  equations are b r i e f l y  reviewed i n  
appendix B. The evaluation of the gross nuclear  constants  required  in the 
use of the two-group theory  equations is briefly described i n  the flolloKing 
section  "Evaluation of Nuclear Constants" and is presented  in  detail i n  
appendix C. 

.. 

Results of the cr i t ica l i ty   ca lcu la t ions  are presented i n  the 
following manner: 

. .  

.r 
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(1) For reactors I t o  IV, curves of the  enriched uranium invest- 
ment as a function  of  reactor  core diameter are presented  for  various 
reflector  thicknesses. 

( 2 )  Reflector  savings  for  these  reactors are compared. 

(3) Representative  neutron flux and power generation  distrfbutions 
for   reac tors  I and Iu: are presented. 

0) 
UI 
N (4) For the generalized family of NaOH reactors, a chart  of 
LJl uranium investment as a function of the thermal absorption  parameter 

fsPA,th is presented f o r  various  reactor aameters and values of fs. 

Evaluation of Nuclear Constants 

Validity of the two-group representation  used.here depends 
en t i re ly  on the  correctness of the  nuclear  constants used to  represent,  
i n  a bulk  fashion, the vmious.cOmpetiug  nucleax  processes  occurring 
within the two neutron-energy  groups. I n  order  to  reduce the uncertain- 
t i e s  involved i n  the evaluation of these bulk nuclear  constants, the 
procedure  used is patterned, as closely as possible, after that success- 
fully used in reference 4 t o   p red ic t  the c r i t i c a l i t y  of s m i U  hydrogen- 
moderated  (water, in   this   case)   thermal   reactors .  The procedure f o r  
evaluating the constants, ach is described  in detail i n  appendix C, 
i s  br ie f ly   ou t l ined  as follows: 

A L , f l  zA,f,  CF,f, Pth. - The' constants hTR,f, xA,f, EF,f, 
Pth are obtained by w e i g h t i n g  local  values accordhg to the energy 
dis t r ibut ion of neutron flux i n  an  inf ini te  medium of the same composition, 
as indicated  by  age  theory. The f i s s ion  neutron-energy  spectrum  (taken 
from reference 5) is included  in  determining the energy distribution. 

L2f. - The solution of the transport  equation  for the second moment 
of thespat ia l  dis t r ibut ion of neutrons  sloang down from a point  source 
i n   a n   i n f i n i t e  medium consisting of a mixture of hydrogen and  heavy 
elements, as derived i n  reference 6, is  used t o  determine Gf. From 
the  solution of reference 6, L2f is obtained 88 a function of f i s s i o n  
energy  and is then' weighted  over  the  fission  neutron-energy spectrum. 
The calculations are normalized (see appendix C )  t o  the experimentally 
determined  value of L Z ~ ,  f o r  water at roc& tsmperature, of' 33 square 
centimeters. The value of 3, thus  obtained assumes no neutron 
absorption  during  slowing down; far the  reactors under consideration, 
however, significant  absorption  occurs i n  the energy range from  about 
1000 ev t o  thermal. Inasmuch as the slowing-dam  process i n  t h i s  energy 
range can be considered  continuous,  age  theory i s  approximately  applicable 
and hence is used t o  estimate the effect of absorption on slouing down i n  
this energy range. The difference  in  age with and without  absorption i n  
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the energy  range 1000 ev t o  thermal was calculated and found t o  be 
negligible. On t h i s  basis and, in addition, b'ecause. the bulk of the 
L2f contribution is  due t o  the. slowing down in the  energy  range above 
1000 ev, the effect  of absorption on L2f i s  taken  to  be  negligible for 
the reactors under consideration. (The effect--of  absorption in   the fast 
group on c r i t i c a l i t y  is hence accounted for   so le ly  through i ts  ef fec t  on 
P th ) .  

- The method a f  reference 7 for  estimating the effect--of Lo 
N 

chemical  binding on thermal neutron  difAreion.in a hydrogenous medium !iG 
is  used t o  evaluate k , t h .  IU this method the experimentally  determined 
variation of scattering  cross  section a, with neutron  energy fo r  hydrogen 
(as measured f o r  water, reference 8) is used to  obtain hm as a function 
of neutron  energy. The assumption  involved here i s  tha t  the chemical bond 
of 3 i n  IYaOH I s  the mane as that i n  water. The value of h m , t h  is  
then  obtained by weighting )cm according t o  the flux of neutrons i n  a 
MaxwelUan distribution  corresponding  to  the moderator  temperature. .. 

q , t h ,  & , t h e  - Local values of I;, and ZF are assumed t o  vary 
with neutron  .energy  according t o  l/v i n  the vtc in i ty  o f  thermal energy; 
xA,th and CF,th are then  obtained-by  weighting CA and X,, rkspec+ I 

ively,  according t o  the flux of neutrons i n  a Maxwellian dis t r ibut ion 
corresponding t o  the moderator  temperature. 

I n  the cr i t ica l i ty   ca lcu la t ions ,  the average  temperature of the 
NaOH moderator i s  taken  equal t o  1450° F (Eth = 0.092 ev>. I n  all the 
reactors, the constituents of the reactor c-ore are assumed t o  be  completely 
intermixed so that the   c r i t i ca l i ty   ca lcu la t ion   resu l t s  do-not include any 
self-shielding effects   ar is ing from any heterogeneity of the reactor 
composition. The Gel cross-section data were taken from measurements on 
K-25 end  product  consisting of 91.5 percent U235, 1.5 percent U234, and 
7.0 percent U238 normalized per atom of U235. Densities .-of the materiale 
i n  the reactor (at 1450° F average  temperature) are tabulated  in table I. 

A s~mmary of two-group constants f o r  the  specific  reactors  analyzed 
i n  the .present  study is presented i n  table 11. 



NACA RM E52119 9 

CI) 

UI 
w 

Calculations of Temperature Coefficient of Reactivity 

and  Excess Uranium Requirement 

I n  order t o  provide an indication of t he   s t a t i c  stability 
character is t ics  of NaOH-cooled and moderated reactors, two-group per- 
turbation  theory was used to   ca l cu la t e  the temperature coefficient of 
reac t iv i ty   for   the  following cases: 

Reactor I: R = 100 and 200, t, a 6 inches 

Reactor III: R = 100 and 400, t+ = 6 inches 

First-order  perturbatlon formulas, modified t o  include the effect 
of fast f iss ion,  are presented  in appendix D. 

Calculations were made for  the  hot  reactor  with  equilibrium XeD5 
and 24-hour and other  fission-product  poison  concentrations 
corresponding to  reactor  operation at 300,000*kilowatts;  these concen- 
t ra t ions  were determined on the Basis of information presented i n  refer- 
ences. 9 and 10. The poisons are assumed t o  be distributed  uniformly. 
over the  reactor-core volume. 

Contributions t o  the temperature  coefficient of r eac t iv i ty  
included  herein  arise from: (1) The change in  neutron energy  range 
consti tuting  the fast group, ( 2 )  the change in  densi ty  of N&H (and 
hence i n  atom density of Ha, 0, and H) ,  and (3)  the change i n  thermal 
microscopic  cross-sections. 

The l inear   var ia t ion of density of MaOH with temperature was 
taken from reference U. With the  exception of Xe135 and Smla9, 
absorption  and fission microscopic  cross-sections i n  the v ic in i ty  of 
thermal  energy are assumed t o  fo&l.ow the I v law.  The variat ion of 
microscopic  absorption  cross-section of X e  tl 35 with temperature, as 
averaged over the  Maxwelllan distribution, i s  obtained frm reference 9. 
The var ia t ion of microscopic  thermal  cross-section of S~nl~~ with 
temperature (which contr ibut ion  to  temperature coeff ic ient  of reac t iv i ty  
i s  small r e l a t ive   t o   t he  X e l s  contribution) was estimated on the  basis  
of the data of reference 10. 

Appendix D presents  the  perturbktion formula and procedure for 
obtaining  the  adjoint  Functions ueed i n  the formula; the  perturbation 
formula  presented i s  an  extension of that derived in   reference E t o  
include the ef fec ts  of fast f i ss ion .  Appendix D also  presents details 
of the method  of evaluation of the  various  wefghting factors contributing 
to   t he  temperature  coefficient of react ivi ty .  

In  addition  to  determination of temperature  coefficient of 
react ivi ty ,  two-group perturbation  theory w a s  used to  estimate  the 
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excess  fissioriable material required  to  compensate for  burn-up  and 
equilibrium  fission-product  poisoning for the same reactors. Although 
the p r i n c i p d  poisons are X e m  and -149, a host of .other f i s s i o n  
fragment  poisons app-ee aria a;re-.-dcmnted- f o r  by  . the   assept ion that for 
every uranium atom fissioned, the equ3valent of a single atom appears 
having a microscopic  absorption  cross  section of l.00 barns at 0.025 ev. 
The details of the method of calculation. are outlined in appendix D. 
The results of the aforementioned  calculatiotllp are presented i n  tabular 
f o m .  

* 

Method of  Generalization of Cri t icaUty  Resul ts  

For the range of NaUE reactor  compositions of i n t e r e s t   f o r   a i r c r d k ,  
the  pr incipal   contr ibut ion t o  neutron slowing-down and diffusion processee 
is  made by the NaOH, whereas the  pr imlpa l   cont r ibu t ion   to  the absorption 
process is made by the structural material  and  uranium. For engineering 
evaluations,  therefore, it may be assumed that the aver-al l   scat ter ing 
and slowing-dm i n  the reactor care are relatively  unaffected  by 
var ia t ion in concentration-and  camposit$on  of.etructura1 material from 
the values assumed for specif ic   reactors  I to IV. . , .. 

Therefore, the only two important effects on r eac to r   c r i t i ca l i t y  
requirementa due to   va r i a t ion   i n   s t ruc tu ra l   ma te r i a l  composition  end 
concentration i n  the reactor are:- ( a )  the e f fec t  of neutron  abisorption 
by the structural material, which is given by the thermal absorption 

placement of NaOh mderator .  by the s t ruc tu ra l  material when volume con- 
centrations Zs -fer from the values assumed f o r  the specifLc 
reactors.  

)?WametETF f s p A  t h  fo r  a l / V  abs.orber, ana (b). the..&*t Of dis-  

. .  . . 
. . -  

Variat ion  in  fs . about a refererice d u e  can be treated a8 
equivalent to' the ef fec t  of void space; a decrease i n  s t ructural-matmial  
volume from the reference  value is equivalent t o  the removal of void . 
space by the sam'e amount; an increase i n  structural-ma!erial volume from 
the reference value is equfvalent t o  dispaC&&nt of moderator by the 
same amount. The effe-ct of  void  space  on-reactor  size and uranium inveat- 
ment, that  is ,  the effect of fs, i s  treated i n  appendix B. 

As previously mentioned, the effect of fipA,th is-.obtained fro& 
spectf ic   cr i t ical i ty   calcuht ione-Ing;wht6h fgSA,th is varied mer the 
range of interest. . F O ~  a mixture of elements, the parameter. f B P A , t h  
is given by: 

. . ". 

. . .  -. . .- 

.. . ". . - 

3 
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I n  tab le  I11 are l is ted  representat ive alloying elements which may 
be employed. These absorbers follow the  l /v  law in  the  thermal  region 
with l i t t l e  probabili ty of strongly  absorptive, low-lying resonances 
being  present  (see  reference 13). Therefore  the  generalfzation may also be 
used to   eva lua te   c r i t i ca l i t y  requirements f o r  NaOH reactors  containing 
materials other  than B i  and Fe and f o r  a range of volume concentration. 

Although the  generalization i s  not s t r i c t ly   r i go rous   i n   t ha t  it 
neglects  the smal l  differences  in  neutron slowing-down properties due 
to other   s t ructural  materids, it does  account fo r   t he  important first- 
order  effects provided: 

(1) The neutron  absorption  cross  section of the   s t ruc tura l  material 
varies  with  neutron  velocity  according  to l/v at least up to   energies  
of the order of 100 electron  volts.  

( 2 )  The  volume of s t ruc tura l  material i n  the reactor i s  small 
compared with  the volume of moderator. 

SCOPE OF IN'VISTIGATION OF PERFORMANCE OF NLJCLEAR-POWERED AIRCRAFT 

The purpose of t h i s  performance study is t o  determine the airplane 
gross weight  and reactor heat-release requirements  as  affected  by  the 
maximum temperature of the  reactor fuel  elements f o r  a range of reactor 
and reactor  heat-transfer  variables  for  various  airplane flight conditions. 

The turbojet  cycle,  involving a tertiary system of two separate 
closed  l iquid  c i rcui ts  and an open a i r  cycle, is used in   t he   s tudy  of the  
performance of a nuclear-powered a i r c ra f t   u t i l i z ing   t he  NaOH reactor as 
the  heat  source. A schematic diagram of this cycle is shown i n  figure 2. 
I n  the  primary  liquid  circuit, NaOH is  heated a6 it flows through  the 
reactor  and then cooled as it flows through  the priniasy heat exchanger 
where it gives up i t s  heat t o  a l iquid metal flowing i n   t h e  secondary 
l i qu id   c i r cu i t .  In the  secondary  circuit,  heat  picked up by the   l iqu id  
metal is  t ransferred  to   the air i n   t h e  secondary  heat  exchanger. 

Air enters the diffuser of the turbojet  engine, is compressed by 
a compressor, is heated  in   the secondary heat exchanger,  and is expanded 
through a turbine w h i c h  extracts   suff ic ient  energy f r o m  the high-pressure, 
high-temperature air to   run   t he  compressor. Finally  the &ir e-ands 
through an exhaust  nozzle  into  the atmosphere t o  provide the propulsive 
jet thrust .  

The configuration of reactor fuel elements  chosen far determi- 
nation of heat-transfer  characterist ics of the NaOH reactor i s  shown 
schematically  in figure 1. Th%s configuration was chosen f o r  convenience 
in  the  heat-transfer  study  intended to indicate what may be  accomplished 
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with respec t   to  heat t r a n s f e r - i n   t h e  NaOE reactor; no detailed study of 
the   s t ructural ,  mechanical, or  fabr icat ion problems associated  with 
various  core  designs was made i n   a r r iv ing  at the  configuration chosen. 

As  ind ica ted   in  figure I, t h e   f u e l  elements are considered t o  be 
plates  of-sandwich-type  construction  arranged  in a closely  spaced  parallel  
array within the reactor core.  NaOH flows i n  a single pass between the  
p la tes  from  one face of the  cylindrical   core  through  to the opposite  face. 
(Choice of small-diameter tubes  instead of pla tes  would give  approximately v) 

the same heat -transfer  result-s . ) Rl In 
01 

Reactor Heat Transfer 

I n  the-heat-transfer  study, the maximum temperature of the fuel- 
element plates  corresponding t o  any value of t o t a l   r eac to r  heat release 
and reactor-exit  coolant  temperature i s  related to   the  var iables:   reactor  
core diameter Dc(note., L, - Dc)y fraction  of  core volume occupied by 
fuel-element material fa, fuel-element  plate  thickness tp, and coolant 
veloci ty  V. 

Two methods of reactor  operation have been assumed: (I) uniform 
heairgeneration  over  entire  reactor-core volume, and (2) uniform  fuel- 
element wall teqerature. 

Basic re la t ions  and procedure  used in   the   hea t - t ransfer  study- 
are out l ined.  as f o l lous  : 

(1) From geometrical  considerations, the plate  spacing 
for  coolant flow Ay and heat-transfer surface area S are obta "P' ned area for 
assigned  reactor  core  size Dc, percent of core volume occupied by fuel- 
element material fs, and plate  thickness 5. 

( 2 )  The heat-transfer  coefficient h corresponding t o  a given 
coolant  velocity V i s  then  obtained by use of the  Nusselt   relation 

where De = 2 9. 

The physical   propert ies   for   the NaOH coolant employed i n  the 
present  calculations..are as follows: 
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N' cn 
N cn 

Density, p, lb/cu f t  . . . . . . . . . . . . . . . . . . . . . . .  98.0 
Specific  heat, c , Btu/lb-* . . . . . . . . . . . . . . . . . .  0.483 
Viscosity, p, lb$hr-ft . . . . . . . . . . . . . . . . . . . . . .  2.5- 
Conductivity, k, Btu/(hr)(sq  f t)(oF/ft) .  . . . . . . . . . . . . .  0.68 .. 

Density  data were taken  from  reference II. Viscosity,  speclfic  heat, and 
thermal  conductivity of maDH were obtained  from  data  transmitted from 
Battel le  Memorial In s t i t u t e .  

(3) For the  case of constant rate of heat  input  along a -  f l o w  
passage,  the  temperature  differential  between  the  passage  wall  and'coolant 
is constant along the  f low passage  (for  constant  h along passage). 
Hence the heat  balance may be expressed  as: 

Tow, --'cy av ' c  , ex-', , av 
.-I 

from which the   ra t ios  H and H are   readi ly  . - 
determined. The temperature  differences m e  expressed  per  kilowatt of 
heat  release  in  order to make the  heat-transfer.  results  general  for any 
value of reactor  heat  release. . .  

(4) For  the  case of uniform w a l l  tetqerature,  the  temperature 
d i f f e ren t i a l  between the  passage w a l l  and coolant  varies along the  flaw 
passage. The heat  balance f o r  this   case is writ ten &e: 

f rom which the ratios Tow, ex-Tc, av ana Tc , ex-Tc , av 
H H are determined. 

(5) The temperature  drop  across  the  fuel-element  plate i s  calcu- 

la ted  by use of the heat-conduction  equation H/S a - @'w, ex-Tw, ex 

assuming aU the  heat is generated at the center   l ine of the   plate   cross  
section. The followfng  relation  can  then be obtained: 
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The thermal conductivity of the fuel plates used in   ca lcu la t ion  of 
temperature drop across the BLetes is  taken as 28 Btu/(hr)(sq  f t)(-/f t)  - 
the   value  for   nickel  at 1500 F. The thermal  conductivity % cabon,  
stainless, and high-alloy steels is  about iS-Btu/(hr)(  sq f t ) (  F/Et), 
(reference 15). Inasmuch as the  temperature drop across  the  fuel  plates,  
for. the conditions  considered, i s  generally less than 10 percent of the 
over-all  drop t o  the average  coolant temperature, var ia t ion  in   thermal  
conductivity of the fue l -p la temater ia l  has not been  considered. 

The re su l t s  of the foregoing  procedure are presented  in  the follow- 
In 
N 
UJ 

- N  ing manner: . __  . .. . . . .  ." " . " .  

For a f ixed  reactor   'core   s ize  and percent of core volume occupied 

by  fuel-element material, 

against V (range, 5 t o  30 f t / s ec )   fo r  v a i o u a  fuel  plate  thicknesses. 

Tw, ex-Tc, av Tc  ex-', , av and H H are plot ted 

Reactor  heat-transfer  characteristics are presented  for  the  case of 
uniform heat  generation for :  

Reactor  core dLameter, f t - - .  . : . . . . . . . . . . . . . 2.0, 2.5, 3 .O 
Fuel-element reactor volume f rac t ion  . . . . . . . . :. . 0.06,/0.IZ 
Fuel-element plate  thickness,  i n .  . . . . . . . . . 0.012, 0.016, 0.020 

. .  

. .  - " 

. .  

Comparative heat-transfer.characteristic8 are presented  for the 
case of uniform w a l l  temperature f o r  each of the reactors for a fuel-  
element-plate thickness of 0.012 inch. 

Airplane and Turbojet  Cycle 

The performance study of the t u r b o j e h y c l e  system i n  a nuclear- 
powered a i r c r a f t  i s  based on the optimized  engine  performance r e su l t s  . . 
of reference 14, wherein the turbojet   cycle is optimized to   g ive  dnimum 
gross airplane weight Wg f o r  fixed  values of airplane lift-drag r a t i o  
L/D, structure-to-gross-weight  ratio Ws/Wg, and w e i g h t  of shield, 
reactor , .  pay load a d  auxiUary eq-pmat- - WK. The optimlzed  performance 
is given by relat ions between the  air heat-exchanger effect ive wall 
temperature Tw eff and values of the  fo l lox ing  variables: (a) englne 
thrust   per  weight of engine  plus air heat exchanger Fn/W~, (b) net- 
thrust per. pound of air per  second Fn/wa, and (c)  heat  addition  per 
pound air Ah,. From these qun t i t i e s ,   t he   a i rp l ane  gross weimt, 
reactor  heat release, and engine air  f l o w  are -found frmi the following 
r e l a t ions   fo r  any value of air heat-exchanger effect ive wall temperature: 

. . .. 
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N 
UI 
N 
UI 

Values of variables 
and 150,000 pounds; 
W s / W g  = 0.30. 

The values of 

r 

wg 
wa (L/D) (Fn/wa) 
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se lec ted   for  the airplane  study are: WK, 100,ooO 
L/D sz 6.5 (supersonic)  or 18 ( subsonic ) j and 

WK selected are bel ieved  to  be representative of 
the  divided and unit-type shields contemplated f o r  the- nuclear  airplane. 
The values of L/D selected conform with exis t ing   p rac t ice   for   the  sub- 
sonic  case  and  represqnt a reasonable  value  for the supersonic  case. 
The value of Ws/Wg used conforms with the  findings of recent  nuclear 
airplane w e i g h t  analyses. 

M a x i m u m  Fuel-Element  Temperature Evaluation 

In  order t o  relate the  airplane gross w e i g h t  and reactor heat 
release t o  the maximum temperature of the  reactor  fuel  elements,  it i s  
necessary to combine the  engine performance  and the heat-transfer studies.  
The procedure  used is outlined as foUows: 

l ined  in  the  previous  section is used t o  determine #;, wa, and H f o r  
a range of values of q, eff. 

(a) For  assigned  values of WK, L/D, and W,/w the  method out- 

(b) On the basis of a preliminmy  primmy  heat-exchanger  design 
study,  the  average NaOH coolant temperature within the reactor is taken 
as looo F  higher  than Tw,eff, that is, Tc,av - q,eff = lQOo F. The 
heat-exchanger  design  study  indicated that this   temgerature   different ia l  
can  be  easily  attafned  with  reasonably small primary  heat-exchanger s i ze  
for  reactor  heat releases required  for  supersonic flight conditions. 

(c)  For assigned  values of reactor  size,  coolant  velocity,  fuel- 
element material volume, and  fuel-element  thickness,  the -maximum fuel-  
element  temperature is computed by adding the following temperature 
differences: 

A schematic diagram of the heat-exchanger  system and r e l a t ive  
temperature  aistribution is presented  in  figure 3. The tenrperature 
difference Tw, ex - Tc,av is found from the  heat-transfer parameter 
'w, ex-', , av 

H by multiplying  by  the  value o f '  E determined in   s t ep  (a). - 
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Specific  Reactor  Calculations 

Cri t ical i ty   calculat ion  resul ts   for  the core  compositions 
represented by reac tors   I - to  IV are presented  in figure 4. In  these 
figures, uranium investment i s  plotted  against  cylinder  core diameter 
for reflector  thicknesses of-0, 3, 6, and 12 inches.  (Cylinder length- 
diameter r a t i o - i s  taken  equal to   uni ty . )  I n  the calculation of these 
curves  for  each  core  camposition and reflector  thickness, a range of 
values of atom r a t i o  R is taken and core diameter and resul tant  uranium 
investment f o r   c r i t i c a l i t y   a r e  determined. Lines  of constant R are 
given on each  figure. 

The curves  for  each  reactor.-core  cowoaition  indicate a minimum 
totaluranium investment f o r  each reflector  thickness; minimum t o t a l  
investment  decreases and occurs at progressively  smaller  core diameters 
as reflector  thickness increases tcreffect ively  inf ini te   values .  

The existence of a reactor   s ize  for mfninnun t o t a l  uranium investment 
may be explained as f o l l m :  As uranium concentration  (per  unit volume) 
is  increased,  the  neutron-leakage  tolerable f o r  c r i t i c g l i t y  i s  increased; 
a decrease i n  core  diameter  results. 

A t  the large core diameters, the-neutron  leakage is re la t ive ly  
insensi t ive  to  diameter so that in   order   to   maintain  cr i t ical i ty ,  a 
large percentage  decrease i n  core diameter occurs fbr a small percent- 
age increase  in  uranium concentration; hence, the t o t a l  uranium invest- 
ment, which I s  proportional  to the uranium inveetmeut  and the cube of 
the  diameter,  decreases. A t  the small core d i a m e t e r B ,  the neutron  leak- 
age i s  extremely sensit ive t o  diameter and so the opposite  effects  occur. 
At some intermediate  value of core diameter, the decrease i n  diameter 
exactly  counteracts the increase i n  uranium concentration with respect  to 
t o t a l  uranium investment; this defines the core diameter f o r  minimum 
investment. 

Minimum t o t a l  uranium investments and corresponding  reactor-core 
diameters for unreflected and ref lected  reactma are sumartzed from 
figure 4 in  the  following table: 
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eo 
u1 
N 
v1 

. 

Reactor Composition by 
volume 

NaOH N a  Fe N i  

I 

-- " 1.00 Iv 
0.10 -- -- .90 I11 

0.10 0.08 -- -82 II 
0.10 -- 0.08 0.82 

-- 

M i n i m  uranium Reactor  core  diameter 
investment - ( f t  1 

( lb)  

Unre- 6-in. U n r e -  6-in. 
f lected ref lec tor  

1.7 2.7 23 69 
1.7 2.7 32 93 

ref lec tor  f lected 

43 13 2.7 1.5 

38 1.5 2.5 ll 

Considerations of reactor  heat  transfer and high-altitude  supersonic 
flight power requirements,  presented later, indicate  that  core  diameters 
of the  order of 2.5 feet are required to avoid  unreasonably  high  Fuel- 
element temperatures.  For a 2 . 5 - f O O t  core diameter and a 6-inch 
ref lector ,  figure 4 indicates  investments of 51, 36, and 21  pounds f o r  
reactors  I, 11, ancYIII,  retqect1veI.y. 

Ref  lector  Savings 

The var ia t ion of NaOH reflector  savings  (defined as the difference 
between the unreflected and reflected reactor  core radii) with  ref lector  
thickness  for  reactors I t o  IV is presented i n  figure 5 for  representative 
values of atom r a t i o  R. Reflector  savings  increase markedly fo r   r e f l ec to r  
thicknesses up t o  6 inches,  but  level off rapidly for larger  thicknesses. 
A l ine   indicat ing  ref lector   savings  equal   to   ref lector   thickness  is 
included i n  figure 5. Reflector  savings are about  equal t o   r e f l e c t o r  
thickness up to   thicknesses  of 3 inches,  indicating M net change i n  
reactor-core  radius-plus-ref'lector  thickness;  for  thicker  reflectors, 
reflector  savings are smaller than  reflector  thickness so  that the  over- 
all core-plus-reflector dimensions become larger. From considerations 
both of over-al l   s ize   (core   plus   ref lector)  and of ref lector   effect ive-  
ness i n  reducing uranium investment, a reflector  thickuess of about 
6 inches'appears t o  be a satisfactory  comprmise. 

The different  reactor  core compositions  considered  herein  exhibit 
approximately the same re f lec tor  savings f o r  any given  value of re f lec tor  
thickness. The small effec t  of increased  nonproductive  absorber i n   t h e  
core on the  reflector  savings may be noted i n   t h e   s l i g h t l y  reduced 
reflector  savings  attained for reactors I and II compared with  reactors 
I11 and N. Variation of R in   the   core  also has l i t t l e  e f fec t  on the 
magnitude of reflector  savings. 
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Although the magnitudes of the  savings are about the same f o r  
thermal  reactors (low concentration of uranium) f o r  which core  diameters 
are large, and for  intermediate  reactors  (high  concentration of uranium) 
f o r  which core  diapleters are relatively small, the  savings are mueh 
smaller percentages of the  core radii for  the  thermal  reactors  because 
the  neutron  leakage is  smaller f o r  thermal reactors.  

The curve8  of figure 4 for the 6-inch NaOH reflector thickness are 
rep lo t ted   in   f igure .6   for  convenience of comparison of reactors I ko a. 
In  every  case, the reactor  core diameters corresponding t o  minimum invest- 
ment are less than 2 feet .  The curves become steeper on both sFdes of 'iz 
the m i n L m m  investment  point as the nonproductive  absorption is  progress- 
ively increased from reactor  I11 t o  II +I; this steepness i s  more pro- 
nounced i n  the region of core  sizes below t h a t  f o r  min- investment-; 
Inasmuch as the  uncertainties  introduced  by two-group theory become 
srn&ller as core   s ize   i s , increased  (the value of R increased  witkthe 
r e s u l t  that fast-fission  contribution w a s  decreased), greater confidence 
can be placed  in   the results for   core   s izes   to   the   r igh t  of the minimum 
investment values.. - - - .  

VJ cu 

. . . . . . . . . .  . . . .  .... . . . . .  . . .  - . " 

Criticality  Generalizat-ion 

Chart  construction. - On the ljasfs of.the  considerations  presented . 
in   the   sec t ion   en t i t l ed  "Methods of Generalization of Criticality Results", 
t he   spec i f i c   r e su l t s   fo r   r eac to r s  I, 11, and III are r ep lo t t ed   t o  be 
applicable,  in  engineering  evaluations,  to -.:a-wide var ie ty of s t ructural-  
material concentrations and  compositions,  subject t o  the res t r ic t ions :  
( a )  that the material does not exhibit any large neutron  cross-section 
resonance  near thermal energy  (below  about 100 ev), and (b) that the 
concentrations must be r e l a t ive ly  small (say, less than 16 percent). 
The generalizatfon,  results of which-are   plot ted  in   f igure 7, i s  
accomplished as follows : 

A p lo t   ( f i g .  7 ( a ) )  i s  ma& of uranium  investme.nt WU againet the 
thermal absorption  parameter f , P A , t h  . fo r  various . . . . . .  unreflected  reactor 
core diameters composed as .follows: . .  

Volume f rac t ion  of structure,. . . . . . . . . . . . . . . . . . . .  fS 
Volume f r ac t ion  of NaOH plus Na, . . . . . . . . .  -. . . . . . .  1 - f, 
Na/NaOH .volume. ra t io ,  . . . . . . . . . . . . . . . . . .  . . . .  0.122 

The spec i f ic   resu l t s  for reactors  I, 11, and I11 are used i n  the 
construction of t h i s   p l o t  employing a reference  value of f, of 0.08. 
For r+actore I and 11, the  value of fs is 0.08 and so the results are 
directly  applicable;  for reactor 111, f s - i e z e r o  60 that a void correction 
t o  fs of 0.08 was made by the method discussed in appendix B. 
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The unreflected  core  diameters  indicated on figure 7(a) are referred 
t o  as the  chart diameters (-) Dc. The s lan t   l ines  on t h e   l e f t  of 

th i s  plot   y ie ld the unref lected  reactor   total  uranium  investments # 
f o r  any assigned value of f,. 

1-f s 

The inser t  plot (fig.   7(b))  indicates  the  reduction  in  core aia- 
meter  possible with vazious  thicknesses.of NaOH ref lector .  The 
reduction  in core diameter is equal. t o  twice  the  reflector  savings as 
presented  in  f igure 5; inasmuch as   ref lector   savings  are   re la t ively 
insensit ive t o  core  composition,  average  values were selected f o r  
f igure 7(b). 

Therefore, f o r  assigned  values of fs and Dc of in te res t ,  
figure  7(a)  enables  determination of enriched uraniwn investments for 
the  unreflected  reactors  for any value of f szsA,&. Figure 7(b) permits 
the  evaluation of the  reflected  core diameter f o r  any value of re f lec tor  
thickness; the uranium  investment for   ref lected  reactors ,  which is pro- 
portional t o  the cube of the core diameter, may be  calculated f r o m  the 
uranium  investment for  the  unreflected  core. 

Chmt procedure. - The procedure for using the chart i s  given by 
the following steps: 

1. A reflected NaOE reac tor   wi thac tua l   s t ruc tura l  material con- 
centration fs  and core diameter Dc(i+) is assigned. 

2. Figure 7(b) gives  the  reduction  in  reactor diameter due t o  NaOH 
ref lec tors  of various  thickness;  the  unreflected  core  diameter of i n t e re s t  
is then  evaluated. 

3. me unreflected chart reactor diameter (s) Dc, is calculated 

by means of the actual  value of fs  and the unreflected  core diameter of 
in te res t  Dc. 

4. Figure  7(a) yields a value of uranium investment Wu f o r  the 
unreflected  reactor wfth the actual  value of f,. 

5. The uranium investment fo r  the ref lected  reactor  of i n t e re s t  
is then computed. 

The use of the chart can bes t   be   i l lus t ra ted  by an exanple: 
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Example. - It i s  desired  to . f ind  the  enr iched uranium  investment- 
f o r  a cylindrical   reactor  of ' length-diameter  ratio of unity, moderated 
by NaOH (with small percentage of .Na additive) and reflected by a 
6-inch  thickness of NaOH. The reactor  core is 2.5 f e e t i n  diameter and 
is to contain volume concentrations of Inconel of l a )  8 percent, and 
(b) 1 2  per.cent. The thermal  absorption parameter f,LBA, th is evaluated 
f o r  each  case i n  the following table by  equation (1): 

Element Fraction  Fraction csA th Case. a Case b b 
"A, t h  by  weight fsCsA,th 2 fsZ6A,th (from t a h e  111) by volume 

"d 
Ni 

0.159 0.159 
0.12 X 0.08% 0.140 0.189 0.74 0.78 

Fe 
.018 .lo3 .17 .14 Cr 
.001 .093 .os a.08 

Total  0.0191 0.0127 0.159 "-" 1.00 1.00 

The procedure f o r  using  the  general   cr i t ical i ty   resul ts  of f igure  7 
t o  evaluate  the  unreflected and ref lected  reactor   core  diameter and 
uranium investments i s  indicated  in  the following table: 

Case fsLsA,th % 

a 

2.50 -76 3.26 3.12 130 .45 59 -0191 a 1 2  b 

2.50 0.76 3.26 3.26" 100 0.45 45 0.0127 0.08 

The generalized result-s apply for  reactors  operating  in  the  thermal 
temperature range 0 f .1400~  t o  E 0 O o  I?; f o r  lower  temperaturee,  investments 
are slightly lower than  indicated by figure 7. 

Typical Neutron Flux &d He&-Gerieration Distributions 
- .  . .  . . " 

Two-group neutron flux and heat-generation  distributions have been 
determined for reactors  I and I11 and are presented  herein as representa- 
t i v e  of NaOH-cooled and moderated reactors.  The dis t r ibut ions are pre- 
sented as a function of cylinder  radius for an  equivalent  epherical 
reactor as an  indication of the dis t r ibu t ions   for   the   cy l indr ica l  
geometry. . .  . -  

Neutron flu dist r ibut ions.  - The fast and therm& neutron flux 
dist r ibut ions a r e  shown i n   f i g u r e  8 f o r  the 6-inch  reflector  thickness 
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and f o r  a value of atom r a t i o  R of 100 (indicated  in figure 4 to   be  
near  the minimum investment  point). For  convenience, the flux values 
shown correspond t o   r e a c t o r   t o t a l  power output of 300,000 kilowatts; 
inasmuch as  f luxes are direct ly   proport ional   to  power, they may be 
adjusted  for power outputs  other  than 300,000 kilowatts. Flux levels  
for   the  same t o t a l  power output are higher for reactor I11 than  for 
reactor I principallybecause of the smaller core  size  possible with 
reactor 111. 

Because of the smaller absorption  in  reactor 111, --thermal neutrons 
resul t ing from slowing down in   t he   r e f l ec to r  can penetrate 'farther  into 
the core  of  reactor 111 than  reactor I. Hence, the effectiveness of the 
re f lec tor  toward f l a t t en ing  the thermal  f lux  in  the  core i s  greater i n  
reactor Iu: than I; fo r  example, t he   r a t io  of minimum t o  maximum thermal 
f lux   in   the   core  is  0.65 and 0.43 for   reac tors  III and I, respectively. 

The r a t i o  of fast t o  thermal neutron flux is about 9 for   reactor  I 
and about 7 for   reactor  III. These r a t i o s  w i l l  decrease as reactor   s ize  
and  corresponding  investment are increased and l e s s  dependence upon fast 
f i s s i o m  is  required. 

Heat-generation  distributions. - Radial heat-generation  distributions 
are shown i n   f i g u r e  9 for  various  values  of  reflector  thickness  and  for 
the value of R equal   to  100: Figure 9 is  a p lo t  of the r a t i o  of l oca l  
specif ic  heat release  to  average  specific heat release  against   reactor 
core  radius  expressed as a f rac t ion  of  t o t a l  core  radius. 

The dis t r ibut ions demons'trate the degree t o  wh-ich reactors  with 
NaOH re f lec tors  may be expected t o  approach  uniform heat  generation wlth 
uniform dis t r ibut ion of uranium. The ef fec t  of reflector  thickness 
saturates rapidly with l i t t l e  change in   d i s t r ibu t ion  above thicknesses 
of 6 inches. 

Larger var ia t ions   in   loca l  heat release  with-radius  are t o  be 
m e c t e d  of reactors  containing  appreciable  concentrations of absorptive 
structure,  inasmuch as these reactors depend i n  greater measure upon the 
fast flux t o  provide  fissions  than-reactors with Uttle absorptive  struc- 
ture. In  addition,  as  previously mentioned, neutrons wbich enter the 
core after being slowed down i n   t h e   r e f l e c t o r  do not  penetrate as far 
in to  the core  for   reactor  I as they do for   reac tor  111, thus  contributing 
to further  nonuniformity i n   t h e  power-generation dis t r ibut ion.  

These two points are illustrated i n  f igure 10 i n  which the f rac t ion  
of t o t a l   l o c a l   f i s s i o n s  produced thermally is  presented as a function of 
core  radius  for  reactors I and III for  various  reflector  thicknesses.  
It may be seen that reactor I has about 6 percent f e w e r  thermal f i ss ions  
than  reactor I11 throughout  the core. In-  addition, the high concentration 
of thermal f i ss ions  at the core-reflector  interface falls off more rapidly 
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for   reac tor   1 . than   for   reac tor  111. It is  noted that these reactorls can 
be c lass i f ied  as intermediate  reactors  in that about 40 percent of t o t a l  I 

f i ss ions  are produced -in the fast neutron group. 

The heat-generation  distribution over the reactor  core volume can 
be varied by nonuniform dis t r ibu t ion  of fissionable  material .  Refer- 
ence 16, which presents  fissionable-material  distributions  corresponding 
t o  uniform heat generation  for a representative thermal reactor  assembly 
w i t h  various  reflector  thicknesses,  indicates that appreciable improve- 
ment i n  power-generation distribution  can be achieved i n  a w e l l  r e f l ec t ed '  
reactor   by  redis t r ibut ion  of . the  f iss ionable  material with on ly  a small 
additional  investment of f iss ionable  material (of  the order of 10 t o  
15 percent-  for. the assemblies of reference 16).  Although the resu l t s  of 
reference 16 are f o r  thermal r eac to r s   i n  which the f iss ionable  material 
was redis t r ibuted to give  uniform heat generation, the same general 
conclwions  should  apply  for the intermediate  reactors  presently un&r 
consideration f o r  which the fiss ionable  material may be redis t r ibuted t o  
a t t a i n  uniform fuel-element  temperature  throughout the reactor core 
volume. 

!G 
Lo 
&I 

. .  

.. . 

i 

Sta t i c  S tab i l i ty  Charact-eristics and  Excess Uranium Requirements t 

The-temperature coefficient of r eac t iv i ty  and  excess uranium 
requirements have  .been.computed f o r  reactors I and 111. Two representa- 
t i v e  examples of each  reactar.bve  been  considered  (an  intermediate 
reactor of  small core  s ize  and a more thermal reactor of re la t ive ly  large 
core  s ize)   in   order  t o  i l l u s t r a t e   bo th  the effect of s t ructure  and the 
effect   af-neutron leakage on reactor  stabil i ty.   Reactors  reflected wi th  
a 6-inch  thickness of NaOE have  been considered for both  cases. 

The radial dis t r ibut ion of adjoint   f inct ions c#+e and '9't-h 
re la t ive   to   the   va lue  of 9 +th a t  the reactor  axis,  for the smaller 
hot, unpoisoned reactors I and-111  wfth  an atom r a t i o  R of 100, are 
presented  in   f igure U. These adjoint  functions, computed i n  accordance 
with the  methods described i n  appendix D, are used i n  conjunct%on w i t h  
the actual neutron flux distributions  to.  provide  weighting  factors which 
evaluate the r e l a t i v e  importance of small l o c a l  changes or  perturbations 
of the reactor  constants a t  any reactor  geometrical  position. 

For example, the ef fec t  on p i l e  reactivity of a small change i n  
thermal absorption crass section ..ZA,th at a partic-  position of .the 
reactor-core is proport ional   to  the product of the the-1 f lux  and the 
thermal adjoint  function at that position. The over-all e f fec t  on 
r eac t iv i ty  of small changes f n  C ~ , t h  over the en t i re  reactor core is  
evaluated  by the integrated  effect  over the entire core volume as a h m  
i n  appendix D. . .. . .. 

. . .  -. . ". 
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. 
Temperature coefficient of react ivi ty .  - Temperature coefficients 

of reac t iv i ty  have been computed for  both  poisoned and  unpoisoned 
reactors  operating at 1450° F and a power of 300,000 kilowatts. Excess 
uranium requirements have been estimated  for  these  reactors  on-the - 

assumption that the-reactors were predominantly them.1. The poisoned 
condition  considers the equilibrium xenon concentration and concentrations 
of 24-hour accumulation of samarium and fission  products  for  operation 
a constant power of 300,000 kilowatts;  these  concentratidns are listed 
the following table for  the  reactors  considered: ,a 

I R 

1 R e r t o r  1 y! . 
atom ra t io ,  

I 1  I loo 
I 

400 111- - -  

100 I11 
200 

~ Core 
%a( 

%e Average %ss. prod. 
dia- 

core core) flux meter ( atoms/cc (atoms cc (atoms/cc thermal 

(ft 1 
core) 

9 th  

2.26. 

1. I 7  2.00 .55 9.70 3.10 
10.0 7.73 2.81 16.50 1.52 

.23 .88 .u. .85 5.34 
3 . 1 4 K L O U  7.75XJ-015 2.85Xd5 4.77x1014 

~~ ~~ 

Reactors are ref lected by 6-inch  thickness of NaOH. 

a t  
on 

Individual  temperature  coefficients of reactivity  associated with 
changes with temperature of the two-group parameters f o r  each  af the 
four   reac tors   a re   l i s ted   in  table IV. Derivatives of each  parameter  with 
temperature w e r e  obtained  qyerical ly  from the  calculated  variation of 
the parameter  with  temperature and satisfactor-Lly  represent  actual 
derivatives  for  the  temperature  range from  about 12000 t o  1700O F. 
Temperature coefficients of r eac t iv i ty  were computed by the 
relations  given  fn appendix D. 

I n  the calculation of dp/aT f o r  reactor I11 which does  not  contain 
fuel-element  structure and would therefore  physically  correspond t o  the 
homogeneous reactor, it has  been assumed that   the  uranium concentrations 
remain f ixed and that only the cmss  sect ion  var ies  with temperature; 
resu l t s   for   reac tors  I and 111 given i n   t h e   t a b l e  are then  direct ly  
comparable. Of coyrse, the  reduction  in uranium concentration accompany- 
ing  the  expansion of NaOH i n  a homogeneous reactor would produce a sub- 
s t an t i a l ly  more negative  temperature  coefficient of r eac t iv i ty   fo r  
reactor III. 

From table TY it may be noted tha t  the combined contr ibut ion  to   the 
temperature  coefficient of ZA,th (without  poison), K t h ,  EA, th, CA,f, 
and Kf xA,f, that is, of t he   f i s s ion  and absorption  processes, is  
re la t ive ly  small. The ef fec t  of the poisons  (given by difference i n  
contributions of G, th   with and without  poison) i s  slightly positive. 
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The  combined contributions of Am,th, hm,f ,  and zs,f, tha t  is, of 
the  scattering and slowing-down processes,  give a relat ively  large 
negative  temperature  coefficient which is associated mainly with  the 
decrease in density of moderator with  increase  in  temperature. As. 
a re su l t  of this  large  negative  contribution, the over-all  temperature 
coefficients of the  reactors  considered are negative. The magnitude o f  
the  negative  tewerature  coefficient  increases  as  the  size of the  
reactor  decreases. 

N e t  values of the  temperature  coefficient of reac t iv i ty  dp fdT 
vary from  about -0.00006 far the  small-sized  reactors  to  about -0.ooOo2 
for   the  large  reactors .  A temperature  coefficie.nt of reac t iv i ty  of 
about -0.00006 per OF results i n  a change in   reacf iv i ty  of -0.6 percent 
fo r  a looo F temgeratureTise;   th is   react ivi ty  is of the aame order of 
magnitude-as that associated with the  delayed-fission  neutrons and BO 
indfcates  the  negative  coefficient  to  be  significant from the  point-nf 
view of steady-state  reactor self-contro&. 

'\ 

Excess uranium requirements. - The.exces6 uranium requirement 
A~ for the  poisoned c r i t i ca l   r ea s to r  over  the  investment  required f o r  

m cu 
In 
03 

the unpoisoned cr i t ica l   reac tor ,  is  a l so  listed i n  table IV. It may 
be  seen  that  the  excess uranium requirement  necessary t o  maintain c r i t i -  
cal i ty   for   these  reactors  after 24-hour operation a t  a power  of 300,000 V 

kilowatts  increases as the  s ize  of the  reactor producing t h i s  power 
decreases. The excess uranium requirement  appears t o  be less  than 
10 pounds fo r  a l l  the reactors  herein  considered. 

Reactor Heat-Transfer Characteristics 

It is recal led that the  reactor heat-transfer character is t ics  
presented &e independent of any airplane  considerations. The results 
are presented  per kilowatt of to ta l   reac tor   hea t  release and are 
r e l a t ed   t o  the airplane  only when the power requirements fo r  a particular 
flight condition axe established. 

Figure 1 2  presents plots of the  difference between maximum fuel-  
element  temperature and average NaOH coolant temperature per  kilowatt 
of t o t a l   r eac to r  heat release,   '~ ,ex-~cjav,   against  coolant velocity. 

H 
Each p lo t  i s  f o r  a given  core diameter (2, 2.5, or 3 f t )  and concen- 
t r a t ion  of s t ructural .  material ( 6  or 12 percent by volume) fo r  fue l -  
element plate  thicknesses of O.Ol2,-0.016, and 0.020 inch. Heat gener- 
a t ion is assumed t o  be  uniform Over the  reactor  core  for  the 0.016- 
and  0,020-inch plate   thicknesses;   for the 0.012-inch plate  thickness, 
both  cases of uniform heat  generation and of uniform  fuel-element wall 
temperature  are  presented. Also included  In  each  plot i s  the  difference 
between the   ex i t  and average NaOH temperature. The ef fec ts  of pertinent 
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variables on the  dffference between maximum fuel-element  temperature 
aad.exit  coolant  temperature are .directly  obtainable from figure 12. 

The following  tabulation'of  results,  obtained  from figure 12 f o r  a 
reactor  with  total   heat  release of 300,000 kilowatts,  indicates  the 
effects on TW,e, - TC,av of representative  values of the  heat-transfer 
variables.  

DC Reactor tp f, VC 
: f t )  operatior ( in .  ) ( f t /sec)  

2.0 

2.5 

3 .O 

2.5 

2.5 

2.5 

2.5 

15 

15 

15 

30 

15 

15 
15 

10.06 

1 .06 

.06 

.06 

.l2 

.06 

.06 

0.012 

.012 

.012 

.012 

.012 

.020 

.012 

aUniform heat generation 
q T n ~ o r m  wan temperature 

390 

210 

12 5 

125 

80 

3 65 

165 

Airplane  and  Turbojet.  Cycle Characteristics 

Flight  condition  requirements. - Figures 13 and 14 present  plots 
of reactor  heat  release H, and airplane gross weight WE (expressed 
i n  r a t i o  t o  shield, reactor,  pay-load,  and auxi l iary w e i g h t  WK) against  
effect ive w a l l  temperature of the  air heat exchanger Tw,eff f o r  flight 
a t  30,000- and  50,OW-foot a l t i tudes  a t  Mach nuder8  of 0.9 and 1.5. 
The optimized  turbojet  cycle  conditions  determined  in  reference 14 f o r  
each of these fl ight  conditions w e r e  used in the  construction of these 
plots.  

Figure 13 shows that the   e f fec t  of flight speed on reactor heat 
r@lease is much greater   than  the  effect  of alt i tude,   chiefly  because of 
the greatly reduced  airplane lift-drag r a t i o s  (and  hence increased power 
requirements)  encountered a t  supersonic speeds. For q,eff about 
170O0 F, heat  releases  required f o r  supersonic flight are of the order 
of three times greater  than  for  subsonic flight; f o r  Tw, eff  about llOOo F, 
the  heat-release  requirements are of the  order of f i v e  times greater. For 
the range of values of Tw,eff p lo t ted   in   f igure  13, heat   re leases   for  
subsonic flight are f a i r l y   i n s e n s i t i v e   t o   m i a t i o n   i n  Tw,eff; f o r  
supersonic flight, heat releases are qui te   sensi t ive t o  Tw,eff, parti- 
cular ly  i n  the  range below 1200' F. 

0 
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Figure 14 shows that reduckion  of altitude from .50,000 feet t o  
30,000 feet f o r h e  1.5 Mach  number significantly  reduces gross weight 
requirements t o  the point-where the gross weights are comparable with 
subsonic-values. 

Maximum reactor  fuel-element  temperature. - The reactor  heat transfer 
and the turbojet   cycle   character is t ics  have been combined to   es tab l i sh   the  
magnitude of maximuin reactor  temperatures  required  for the four flight 
conditions  considered. 8 

v) 
Maximum fuel-element  temperatures are p lo t t ed   i n   f i gu res  15 and 16 c.l 

against  reactor heat releases required for the four flight conditions 
considered, far reactor  operation a t  unfform heat  generation and  uniform 
w a l l  temperature, and for the following  copditions: 

Reactor  core diameter, Dc, f t  . . . .  2.0 and 2.5 . . . . . . . . . . . . . . . .  
Volume concentration of fuel-element material, f 8 . . . .  0.06 and 0.12 
Fuel-element plate  thickness,   in.  . . . . . . . . . . . . . . . .  0.012 
NaOH coolant  velocity,   f t /sec . . . . . . . . . . . . . . . . .  .- . 15 

Figure 15 is  f o r  of 100,000 pounds; f igure 16 i s  fo r  OF 
150,000 pounds. Four separate  plots are. included  in  each figure, one fo r  
each of t he  four fl ight  conditions.  * 

The ITaOHcoolant temperature leaving  the  reactor is included i n   t h e  
figures as an  indication of the  l i m i t  t o  which the  maximum fuel-element 
temperature may be  reduced. It i s  recal led that an assumed temperature. 
difference of looo F between the average NaOH temperature i n  the reactor 
and the effect ive wall temperature i n  the  air heat exchanger has been 
incorporated-in  the data. of f igures  15 and 16. 

For a given  reactor  configuration and allowable maximum fuel-element 
temperature,  figures 15 and 16 provide a value of reactor  heat release 
required for any of the  four flight  conditions  considered. C&responding 
values of gross airplane w e i g h t  may be obtained from f igures  13 and 14 
with Tw,=ff as the  l inking  variable.  

Figures 15 and 16  indicate the f o l l o y i n g  genera l   resu l t s   for  the 
two values of TJK considered: 

( a )  A t  subsonic f l igh t  (Mach  number 0.91, maximum fuel-element 
temperature  can  be  maintained at 1200° F and lower for r-eactor  core 
diameters of 2 feet and volume concentrations of fuel-element material 
of 6 percent  with  reasonable  values of reactor heat release and airplane 
gross w e i g h t .  A t  1200° F, these values are t a b u l a t e u s  follows: 
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.WK E Altitude 5 3  
( u s )  

160,000 59,000 30,000 100,000 

(1b) 04 (ft 1 
100,000 198,OOO 68,000 50,000 

150,000 
242,000 90,oOO 30,000 150,000 
305,000 106,000 50,000 

Lu 

k?3 
VI Variation  in  reactor  core diameter and volume concentration of fue l -  

element material  has r e l a t ive ly  l i t t l e  effect on  maximum fuel-element 
temperature for a given  reactor  heat  release. A maximum fuel-element 
temperature of about llOOo F can be at ta ined by an  increase i n   r e a c t o r  
core diameter to  2.5 feet or by an  increase  in  volume of fuel-element 
material t o  12 percent  with  operation at the  follaring  conditions:  

100,000 

310,000 ll0,OOO 50,OoOO 150,000 

163,000. 61,000 30,'OOO 100,000 
205,000 72,000  50,000 

~ ~ ~~ ~~~~ ~ 

150,000  246,000 93,000 30,000 

For the  subsonic  flight  conditions it is  noted-that  the increase i n  
reactor  heat release and airplane gross w e i g h t ,  resul t ing from a decrease 
i n  maximum fuel-element  temperature from 12000 t o  llOOo F, i s  small. 
There  appears t o  be a small advantage in   reactor   operat ion a t  uniform 
element  temperature  over  operation a t  uniform power generation. 

(b) A t  supersonic flight (Mach number 1.51, maximum fuel-element 
temperatures must be of the order of l500O t o  170O0 F f o r  a reactor  core 
diameter of 2 feet and volume concentration of fuel-element material of 
6 percent.  Increase  in  reactor  core  diameter  to 2.5 f e e t  and.volume of 
fuel-element material t o  E percent  lowers  fuel-element  temperature t o  
the 1200° t o  13000 F level.  For  these  conditions and a maximum fuel-  
element  temperature of 1200' F, the following tabulation is made: 

WK wg H Altitude 
( W  ( lb )  (kw) (ft) 

100,000 295,000 340,000 50,000 
100,000 

275,000 4103.000 30,OoOO 150,000 
5OOJooO 590,000 50,000 150,000 

180,000 260,000 30JOoO 
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Reference  to  figures 13 and 14 indicates  that  operation  at  the 
lower  values of air  heat-exchanger  effective w a l l  temperature  seriously 
penalizes  the  airplane gross weight  and  required  heat  release  for  the 
supersonic  50,000-foot-altitude  condition,  but that flight  at a Mach 
number of 1.5 at  an  altitude of 30,000 feet  requires a larger  heat 
release  but a relatively  smaller gross weight  which  is  comparable  with 
subsonic  requirements. 

Summarv  of  airnlane  conditions  with low-temrature turbolet 
cycle. - For  convenience  in  evaluation of the  airplane  engine  and  reactor 
requirements  for  the four flight  conditions  considered, a summary is pre- 
sented  in  table V of some representative  results  obtained  in  the  airplane 
cycle  performance,  heat  transfer,  and  reactor  criticality  study. 

Thcturbojet  operating  conditions  and  airplane coqonent weights 
listed  are  based on engine  operation  at an air  heat-exchanger  effective 
w a l l  temperature of loOOo F at  all  flight  conditions. A difference of 
100' F between  the  average  NaOH  reactor  coolant  temperature  and  the  air 
heat-exchanger  effective w a l l  temperature  is  maintained. 

The  actual  total  engine  air  flow  to  the  turbojet  engines  at  each 
flight  condition is listed;  in  addition,  the  total  engine  air  flow 
corrected  to  static  sea-level  conditione  is  included.  (The  corrected - 

air f l &  is  used ta specify  the  air-handling  capacity of a turbojet 
engine.) From designs of existing  engines, it appears that' a corrected 
air  flow of about 300 pounds per  secqnd  is  obtainable  with a turbojet 
engine  approximately 4 feet  in  diameter.  The  corrected  total  engine  air 
flow therefore  serves as a measure of the  number of turbojet  engines 
required  to maintab a given  flight  condition;  these  values  are also 
listed  in  table V. 

. 

S i x  and  nine  engines of the  size  specified  are  required to maintain i 
flight  at 30,000 feet  altitude and Mach  number 1.5 for  respective  values 
of WK of 100,000 and 150,000 pounds. This compares  reasonably  well with 
the numbers of engines  required  for  both  subsonic  conditions.  Supersonic 
f l i g h t  at 50,000 feet  altitude, however, requires on this basis 20 engines 
for a WK of 100,000 pounds,  and 29 engines  for a WK of 150,000 pounds. 
The  large  number of engines  required  f6r  this  flight  condition may impair 
aerodynamic  characteristics  and  reduce  obtainable  lift-drag  ratioe  below 
the  assumed  value of 6.5. 

For  supersonic  flight  at 50,000 feet  altitude,  the  air  heat-exchanger 
effective wall temperature  would  have to be  increased  to  about 16W0 F, 
in  order  to  reduce  the  required  air flows to  values  comparable  with  the 
other  flight  conditions. 

Two reactor  geometries of diameters 2.0 and 2.5 feet  have,  been 
selected  for  operation  at  each  flight  condition.  Both  configurations 
provide  for  relatively low maximum  fuel-element  temperatures  consistent 
with  the  attainment of reasonable  airplane gross weights  and  reactor 
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heat  releases.  The  uranium  investments  required  for  these  reactors  are 
below 50 pounds. . .  . . 

SUMMARY OF RESULTS 

The effects of reactor  variables  on  criticality  and  maximum  reactor 
fuel-element  temperatures  for  sodium-hydroxide-cooled,  moderated,  and 
reflected  reactors of length-diameter  ratio 1 are  presented  for  subsonic 
and  supersonic  propulsion  of  nuclear-powered  aircraft.  The  following 
results,  based  on  turbojet  engine  cycle  operating  conditions  optimized to 
give  minimum  airplane gross weight,  were  obtained  from  the  study  for two 
values of weight of shield  plus  reactor  plus  pay-load  plus  auxiliaries 
(designated  as @) representative  of  the  divided-type  shadow  shield  and 
the  unit  bulk  shield,  respectively: 

1. Flight  at a Mach  number  of 0.9 at  altitudes  of 30,000 and 
50,000 feet  for  values of of 100,000 and 150,000 pounds may be 
maintained  with  maximum  reactor  fuel-element  temperatures of the  order 
of ll.000 to 1200' F with a reactor  core  diameter of 2 feet. 

2. An airplane g r o s s  weight of about 200,000 pounds  and  reactor 
heat  release of about 70,000 kilowatts  are  required  for  subsonic  flight 
for WK -of 100,000 pounds.  Gross  weight  and  reactor  heat  release  are 
proportionately  increased  for a value of WK of 150,000 pounds. 

3. Flight  at a Mach  number  of 1.5 at an altitude of 30,000 feet 
for  both  values of e may  be  maintained  with  maximum  reactor  fuel- 
element  temperatures  of  the  order  of 1200° to 130O0 F with a reactor 
core  diameter  of 2 feet.  .At  an  altitude  of 50,000 feet  and a Mach 
number of 1.5, similar  maximum  fuel-element  temperatures  may be maintained 
with a reactor  core  diameter of 2.5  feet. 

4. At 30,000 feet  altitude,  airplane gross weight  for  supersonic 
flight  is  comparable  with gross weight  requirements  for  subsonic  flight 
(about 180,000 pounds  for WK of 100,000 pounds);  reactor  heat  releases 
required,  however,  are  about four times  greater  than  for  the  subsonic 
case (270,000 kilowatts  for I& of 100,000 pounds).  At 50,000 feet 
altitude,  airplane g r o s s  weights  and  reactor  heat  releases  required 
for  supersonic  flight  are  about 300,000 pounds  and 350,000 kilowatts 
respectively,  for WK of 100,000 pounds.  Gross  weight  and  heat  release 
are  proportionately  increased  for Q of 150,000 pounds. 

5. Enriched  uranium  investments  for  the  hot  unpoisoned  reflected 
reactor,  containing  sufficient  high-nickel-alloy  fuel  elements to provide 
appropriate  heat-transfer  surface  for  the  aforementioned  reactor  and 
airplane  flight  conditions,  are of the  order of 35 and 50 pounds  for 
core  diameters of 2.0  and 2.5 feet,  respectively.  As  fuel-element 
structural  material  in  the  reactor  is  reduced  to  zero  concentration, 
the  uranium  investments  approach E and 20 pounds  for  the 2.0- and 
2.5-foot core diameters, respectively. The excess  uranium  required to 
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counteract burnup and the poisoning effects of equilibrium xenon, 
samarium, and other fission products, resulting from reactor operation 
for 24 hours at 300,,000 kilowatts, is estimated to be less than 10 pounds. 
At this  poisoned condition, the temperature coefficient of reactivl;tyPor 
reactors  with high-nickel-alloy fuel  elements was calculated to  be 
negative and of the order of -0.00006 per 9. 

Lewis Flight  Propulsion Laboratory 
Natfonal Advisory C o d t t e e  f o r  Aeronautics 

Cleveland,  Ohio, July 28, 1952 

. 
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AFTENDM A - SYMBOLS 
reactor  coolant flow area 

-coolant  specific heat 

neutron  diffusion  length 

reactor  core diameter 

reduction  in  reactor diameter due t o   r e f l e c t o r  

equivalent  diameter of coolant flow passage 

neutron  enefgy 

airplane  net   thrust  

volume f rac t ion  of s t ruc tu ra l  and fuel-element material i n  
1 

reactor  core 

reactor heat release 

reactor  heat-transfer  coefficient 

neutron  multiplication  constant 

thermal conductivity of fuel-element material 

coolant  thermal  conductivity 

reactor  core  length 

mean square slowing-down dis tance  for  fast neutrons 

mean square  diffusion  distance  for  thermal  neutrons 

airplane l i f t  -drag r a t i o  

Maxwellian neutron  density (per uni t  speed range) 

reactor atom density 

resonance escape probabili ty 

neutron slawing-aoWn density 

r a t i o  of hydrogen t o  uranium 235 

reactor  core  radius . .  - 
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r reactor  radius 
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S 

SP 

T 

Tc , av 
Tc,  en 

Tc,  ex 

Tow, ex 

reactor  heat-transfer  surface area 

fuel-element  plate  spacing 

temperature 

average  reactor  coolant  temperature 

coolant  temperature  entering  reactor 

coolant  temperature  leaving  reactor. 

air  heat-exchanger  effective wall temperature 

maximum f'uel-element  temperature 

maxim fuel-element  sureace  temperature . . .  

plate-type  fuel-element  sandwich  thickness 

c 

.... 

3 

tr- . . . . .  ........ . . . .  
reactor  reflector -. thickness 

. - . .  - . .  - - - ..... - . .  - . - ..... - . ". 5 -. - 

u =I log, - lo7 logarithmic  neutron  energy E . .  . .  . . . . .  . .  

V coolant  velocity 

neutron  velocity 

airplane gross weight 

shield,.reactor,  pay-load,  and . . . .  auxiliary - . . . . .  equipment  weight . .  . 

airplane  structural  weight 

enriched  uranium  investment . . . . . . . . .  

excess  uranium  requirement 

turbojet-engine  air  flow. 

extrapokition  distance 

macroscopic  transport  mean  free  path 

coolant.  aiscosity 
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L 

neutrons  produced per f i s s i o n  

average  logarithmic  energy loss per   col l is ion 

coolant  density 

temperature coeff ic ient  of r eac t iv i ty  

macroscopic  absorption  cross  section 

macroscopic  absorption  cross  section of s t ruc tu ra l  material 

macroscopic f iss ion  cross   sect ion 

macroscopic scattering  cross  section 

macroscopic to t a l   c ros s   s ec t ion  

microscopic  scattering  cross  section 

neutron  flux 

adjoint  function 

.. 

Subscripts : 

0 reactor  core 

1 reac tor   re f lec tor  

m moderator 

th thermal neutron group 

f fast neutron group 



34 - NACA RM E52119 

APPENDIX B - TWO-GROUP DIFFUSION THEDRY 

Two-group  two-zone  diffusion.  equations. - The  neutrons  are  separated 
into  two  groups: a fast group  consisting of all  neutrons from fission 
energies to thermal  energy, and a thermal  group  consisting of all slowed- 
down  neutrons  in  statistical  equilibrium  with  the  temperature of their 
surroundings. 

out,  and  production of neutrons  in  the  reactor  core  are  given  by 
For  the  fast  group,  terms  representing  leakage,  absorption,  slowing 

For  the  thermal  group,  terms  representing  leakage,  absorption,  and 
production of neutroas in the  reactor  core are given by 

Leakage: - hTR, th 
3 *%h,O 

;EA,th,O  (Pth,O 

Production: ZS,f,O 'pf,o 
For  the  reflector,  terms  representing  leakage,  absorption,  and 

slowing out of the  fast  group are given  by 

Leakage: - h Y f ,  1 avf,1 

Sl0Wj-w out: %,f,l(Pf,l 

Terms  representing  leakage,  absorption,  and  production of neutrons 
for the  thermal  group of the  ref  lector  are  given  by 

Leakage: - A'?th,1 ATR, thy 1 

Absorption:  zA,th,~g*,l 

Production: %,f, 1 CP f, 1 

The  macroscopic  cross  sections  and mean free  paths  appearing  in  the 
foregoing  terms  must  be  appropriately  8Veraged  Over  the  energy  range 
constituting  the  pertinent  neutron  group so that the  various  terms 
represent  the  correct  distribution of neutron  processes  occurring  within 
the  reactor. 
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R) 
UI 
N cn 

For  each  group  and  reactor zone, expressions  for the conservation 
of neutrons may be wri t ten  

- th, 0 
3 *pth,O + 'A,th,O CPth,O - ZS,f ,O qf,O = 

These equations may be rearranged as follows: 

3 th  0 % t h  0' 
'TR,th,O ? TR,f ,O 'A,th,O gth,O = (B5 I 

%,1= O 

The mean-square slari and mean-square 
thermal  diffusion  length 

L2th,0,1 E 
h ,  t h , O ,  1 

th,O, 1 - 
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Inasmuch as the macroscopic cross  sections are the effective  averages 
over the pertinent  energy group, the resonance  escape  probability may be 
sui tably approximated i n  terms of these effective  values. 

It follows t h e n  that 

Gf ,o, 1 
a s ,  f ,o, 1 

The multiplication  constants + and K t h  representing, 
respectively, the umber of  neutrons  born per neutron  absorbed i n  each 
energy group are  defined as 

With these definit ions,  the two-group equations may be rewritten. 
For the  core, 

1 
%h,O -k - f , O  Pth,O 

L2 th, 0 T R , t h , O  L2f,0 
*%h,O - %,o = 0 

For the re f lec tor  
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Boundary conditions and solutions. - The preceding  slmultaneous 
l inear  differential   eauations are solved  sublect  to  the following 
boundary conditions fir the  case of spherical  geometry. 

- 

The continuity of neutron  current st the  core-reflector  interface 
requires that 

J 
The continuity of neutron flux at  the  interface &le0 requi res   tha t  

(B14 1 

A t  the  outer  face of the  ref lector ,  the neutron  fluxes must go t o  
zero a t  the extrapolated  boundary;’it i s  assumed that the  extrapolation 
distance is  the same for   both fast and thermal neutrons  and small i n  
comparison with the  reflector  thickness s o  that 

Qf,ll,Jic+tr 

The neutron  fluxes must be f i n i t e  everywhere in   the  reactor ,  
th8.t is 
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The general  solutions of the pa i rs  of simultaneous  equations (9 )  t o  
(E) are obtained by l e t t i n g  Aq= a% where u2 is the same constant 
for the  fast and  thermal  fluxes i n  each zone but differs for the core and 
re f lec tor  zones; a2 is  designated as cb2 f o r  the core and as a12 f o r  
the  ref lector .   Introduct ion of @o, 1 =I %, l%o, 1 i n  equations ( 9 )  t o  
( 1 2 )  yields  quadratic  expressions for w2 and u12 i n  terms of the core 
and r e f l ec to r  compositions,  respectively. The general   solution f o r  the 
fast or  thermal flux i n  each zone is then a l inear  combination of t he  
general  solutions of . Acp 3: a2(P corresponding t o  the two roots  of the 
quadratic  appropriate  for each zone. . .  

Application of the  foregoing boundary cpnditions  to  the  general  
solut ions  for  the fast and  thermal flux i n  each zone Leads t o  four homo- 
geneous linear  equations  involving  four arbitrary constants and the 
unknown c r i t i ca l   r ad ius  of the reactor  core and thickness of the ref lector .  
The vanishing of the  determinant of coefficients of these four equations 
f o r  an assigned  thickness of re f lec tor  is the condition for the  evaluation e 

of the cr i t f ca l   r ad ius  of the  core. 

With t h e   c r i t i c a l  dimensions of the  reactor known, three of the  
arbitrary  constants are solved  for  in  terms of the  fourth. The flux 
dis t r ibut ions i n  both  the  core  and  reflector are therefore  determined 
except  for  an arbitrary multiplicative  constant. Detailed mechanics of 
t he  two-group method a~ presented in   re fe rences  1 7  and 18. 

The- ref lected  reactor   s izes   calculated for spherical  geometry are 
t rans la ted   to   cy l indr ica l  geometry i n  the following manner: 

(a) For the  unref lected  reactor ,   the   cr i t ical  sizes are determined 
by the   re la t ions  

CI 

x= 
%12 =I (R’  

f o r  spherical  geometry 

‘It 2 + 2 .405~  for   cy l indr ica l  geometry 
ao2 (&+2S)2 (Rc+6)2 

where the  bucklfng  constant ao2 is a function only of the  composition 
of the  unreflected-reactor and  hence i s  independent of the geometry of .  
the system. (Rc i s  here the cylinder radius, R’, the sphere  radius, 
and 6 the extrapolation  distance a t  which the flux becomes zero.) 
Hence, for   the  same reactor composition, 
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N 
UI eo 
Cn 

. 

52 IC2 
3 + 2. 40S2 

(R1c+6)2 (&+26)2 (Rc+6)2 

Re + 6 3: 0.9144 (R*,+6) 

(b) For the  reflected  reactor,  the assumption is made that the 
ref lector   savings  (difference  in   core   radi i   for   unref lected and ref lected 
reactors) i s  the  same for  both the spherical  and cylindrical  geometries. 
Hence the re f lec tor  savings calculated  f.or any given  core and re f lec tor  
thickness  for the spherical  geometry can be d l rec t ly   appl ied   to  the 
unref lec ted   cy l indr ica l   c r i t i ca l  dimensions to   obtain the reflected 
cy l ind r i ca l   c r i t i ca l  dimensions. 

Effect of voids on c r i t i c a l i t y  of bare reactor. - The introduction 
of uniformly  distributed  void  space  in a bere  reactor  reduces the densities 
of all const i tuents   in  the reactor  by  the  factor (1-fv) where fv is 
here the  f ract ion of void volume.  Hence, a l l  macroscopic cross  sections 
are reduced  by the fac tor  ( l-fv). The re l a t ion  between 0~02 and the 
reactor  nuclear  constants (see references 17 and 18) shows that ao2 is 
then  reduced  by the factor  (1-fv)2 for the same relat ive  core  composition. 
Hence, the c r i t i c a l  dimensions of the bare  reactor are increased  by the 

fac tor  mr I that is 1 
r 

L 

For the same relat ive  core  camposition, the uranium investment is  
directly  proportional t o  i ts  reactor  concentration and t o  the reactor 
volume; that is, 

wv bth void] 

wu [no void] 
=. 

Effect of voids on c r i t i c a l i t y  of ref lected  reactor .  - The assumption 
i s  made that the  reflector  savings  are  unaffected by introduction of small 
amounts of void volume in   the  core  of a ref lected  reactor .  



40 - NACA RM E2119 

APPENDIX C - EPAWATION OF TWO-GROUP m O R Y  CONmAN'I'S 

The constants  required  for  solution of the two-group equations are 
as follows: 

L2f mean-square slowing-down length 

L2th  mean-square thermal diffusion length 

hTR,f fast-transport  mean free path 

Am,th thermal-transport mean free path 

Pth resonance  escape  probability 

% fast mult ipl icat ion  constant  

%h thermal multiplication  constant 

These constants are separately evaluated fo r  each  core and re f lec tor  
composition.  Multiplication  constants are, of course,  zero for  the 
re f lec tor .  . .  . .. 

The fast parameters were averaged over the energy  spectrum of 
neutrons  born  during  fission. The thermal  fission  neutron  .spectrum 
was taken  from  reference 5 and normalized to  unity  over  an  energy range 
extending from 25,000 ev t o  50 MeV. 

. .  

Total  cross  sections  for Na, 0, R, Ni, and Fe as 8 function of 
neutron  energy were taken  from  reference 8. Resonances fo r  these nuclei 
occur  only at 3000 ev and above; f o r  .these energies the neutron  scattering 
width is very much larger  than the neutron  absorption e d t h  BO that tbese 
resonances  have  been  taken 66 substant ia l ly   scat ter ing.  The values  used 
for t o t a l  cross sect ion  for  H were those  obtained  frommeasurements i n  
H20. 

Thermal absorption  cross  sections were taken from reference 19; 
the  pi le   osci l la tor   values  Were used wherever..available. The var ia t ion 
of absorption  cross  section w i t h  neutron  energy was assumed t o  follow the 
l/v l a w .  

. .  

Fission,  absorption, and scat ter ing cros6 sect ions  for  K-25 end 
product  uranium  mixture (91.5 .ercent U235, 1.5 percent--@3*, 7 percent 
u238) normalized per atom of $35 weye taken  from  references 20 and 21. 
Metal densi t ies  were taken from reference 22. A summary of erose sections 
and densi t ies  used i n  these calculations has been  presented i n   t a b l e  I. L 
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Fast  Parameters 

Mean-square slowing-down length, L2f. - As previously mentioned, 
mean-square slowing-dm  lengths were calculated  for hydrogenous mixtures 
by the method of reference 6 in which a formula,  equation (108), fo r  
L2f i s  derived  taking  into  account  the  scattering but not the slowing- 
down properties of elements  other than hydrogen. This  introduces small 
error  provided  the macroscopic scattering  cross  section of hydrogen is  
greater  than  the macroscopic scattering  cross  section of the  heavy 
elements i n   t h e  medium. A l imiting form of the'r igorous formula, 
equation (A3) of reference 6, was used for the  present  calculations 
since it provides   resul ts   in  good agreement with  the more rigorous 
equation (108) and  involves  considerably less computational  labor. 

The values of L2f f o r  water of unit  density, by equations (108) 
and (A3) of reference 6 averaged mer the   f i s s ion  spectrum, were calcu- 
lated as 26.9 and 25.4 square  centimeters,  respective1 . These values 
compare with  the  experimentally  determined  value of L& f o r  water of 
33 square  centimeters of reference 23. It is customary in   r eac to r  
calculations  to  correct  the  calculated  value of L2f to  the  experimental  
value.  This  multiplicative  correction  for water from the  L2f as calcu- 
lated. by equation (A3) of reference 6 is 33125.4 = 1.30. 

Inasmuch as no experimental data are avai lable   for  NEtoH, the  
correct ion  factor   to   the  calculated  value of L2f f o r  NaOH was determined 
by ascertaining the mixture of H20. and ma20 corresponding t o  NaOH. 
It was found that a mixture by volume of 40 percent Hz0 of specif ic  
gravi ty  1.00 and 60 percent Na20 of specif ic   gravi ty  2.27 corresponded 
to MaOH of specific  gravity  1.77. Assuming the correct ion  factor  t o  be 
proportional  to  the  percentage of Hz0 i n   t h e  mixture, a correction 
factor  of 1.12 was established to apply t o  a l l  values of Qf as 
camputed from  equation (A3) of reference 6. These values of @f were 
fyther  corrected  to  the  operating  temperature of i n t e re s t  by assuming 
I, f t o  be inversely  proportional  to the square of the density of NaOH. 

Macroscopic cross  sections. - The remaining fast parameters were 
calculated from the  energy  distribution of neutron flu, given  by age 
theory   for   an   in f in i te  medim of the  same composition, as the  weighting 
fac tors  on the energy-dependent cross sections  (see  references 18 and  24). 
For example, the  effect ive fast macroscopic absorption  cross  section 
C A , ~  is given  by s...(.) H U )  du 

'A, f 
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where  the  flux  Cpt(u)  is  obtained a s  

and  where  q(u)  is  the  age-theory  neutron slowfng-down density  through 
any  energy  interval  in an infinite  medium. 

Similarly,  the  effective  fast  macroscopic  fission  cross  section %,f and  transport mean free  path mtf may be  evaluated  as 

The  fast  multiplication  constant is therefore  given  by 
Kf = VzF,fbA,f 

The  resonance  escape  probability Pth is the  value of q at 
thermal energy  uth,  inasmuch as a fission  spectrum  normalized  to  unity 
has  been  employed. 

The  integrals  required  are  evaluated  numerically  over  the  entire 
fast  energy  region  and  in  suitably small energy  intervals. 

Thermal Parameters 

Macroscopic cross sections. - The  thermal  parameters of both  core 
and reflector  involve  macroscopic  cross  sections  which m u s t  be suitably 
averaged  over  the  Maxwellian  distribution  of-neutrons  in  the  thermal 
region  to  represent  their  effective values. For example, In order  that 
the  term CA,th~h represent  the  true  rate of neutron  absorptions 
occurring  per  unit  volume of reactor,  zA,th  must  be some effective t 
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average value if R h  is given as the thermal f lux  of neutrons  corres- 
ponding t o   t h e  most probable  speed of the Maxwellian d is t r ibu t ion  
corresponding t o  energy %h. 

The effective  value of CA,th  averaged Over the MaxwellIan distri- 
bution of neutron flux vM(v) 

CA, t h  = 

Xs given by 

For  absorption  cross  sections which follow  the  l/v law, as is 
u s u a l l y  the  case  for  thermal  neutrons,  the  value of  CA,th evaluated 
from  equation (C5) turns out t o  be  exactly the local.  value of C I A  

corresponding t o   t h e  average speed of the Maxwellian d is t r ibu t ion  of 
neutron  density M(v). Inasmuch as the  average  speed is -3 1.128 

times  greater  than the most probable speed, the  effective  value of 
Za,th is 0.886 times the  value at the most probable  energy t o  which 
it is customary t o  refer measured cross  sections. (The p i l e   o sc i l l a to r  
values of thermal-absorption  crosa.section  used  herein have a l l  been 
referred to  the  accepted  value  for gold a t  the most probable  neutron 
thermal  energy). 

2 

. f i  

The  same results  apply t o  the macroscopic f iss ion  cross   sect ion of 
uranium &, t h  which very  closely follows a l/v var ia t ion   for   the  
thermal  region. 

Similar considerations are made in  obtaining  an  effective  value 

where x,' is - .. the local  value  for  neutrons of a particular  velocity.  
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- 
For  any  particular  neutron  velocity, c', and X'TR are evaluated 

as the  sum of the products of the reactor atom density of each  constituent 
and the  pertinent  cross  section: 

Effect of chemical  binding. - The ef fec t  of chemical  binding of 
the hydrogen i n   t h e  molecule for both water and NaOH alters the annular 
dis t r ibu t ion  of  neutrons  scattered  by hydrogen. . Since this effect". 
occurs  almost  exclusively in  the  thermal  region and varles rapidly  with 
neutron  energy, the average value of the cosine of the scattering  angle 
cos as a function of local  neutron  energy must be known. 

I n  the absence of these specif ic  data, Radkowsky i n  reference 7 ha8 
made u8e of the "Born approximation'' (reference 25). I n  evaluating an 
effective  value o f .  A, the atomic mass of the scat ter ing atom, f o r  use 
i n  the formula f o r  a = 2/3A appl icable   for   isotropic  e l a s t L  
sca t t e r ing   i n  the center of mass system. The "Born approximation" 
indicates the scat ter ing  cross   sect ion  to  be proportional  to  the  square 
of the  reduced mass of the  neutron and sca t te r ing  atom. For neutrons of 
energies w e l l  above the  region of chedcal  binding, the hydrogen  atom 
is ef fec t ive ly  free and presents a mass of unity and 0s of 20 barns. 
Eence, the following proportionali ty may be formed  from which an 
effective  value of A i s  determined: 

-=I I (&J2 
20 

where us' is the local  value of hydrogen scat ter ing cram section 
observed i n  measuremnts on water. 

By means of equations (C6), (C8) ,  ( C 9 ) ,  and the formula 
cos 8 x 2/3Ay Radkowsky has  checked the experimental  values of? thermal 
diffusion  length  for  mter f o r  a range of temperature.  Effective  values 
of &,th f o r  the hydroxide reactors herein considered  have  been 
numerically evaluated by the  same procedure. 

The remaining  thermal parameters are evaluated as follows: 

The thermal  multipllcatiDn  constant K t h  is given by 



VI 

0 
n 
n 

NACA RM E52119 

The mean-square thermal  diffusion  length i s  given by 

45 
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APPENDIX D - TEMP- COEFl?ICIENT OF REACTIVITY AND EXCESS 

URANIUM REQUIREMENTS 

The  derivation  of  the  first-order  perturbation  formula  presented  in 
appendix I of  reference 12 for  the  two-group  two-zone  problem has been 
modified  to  include .the fast  fission  effect. This modification  involves 
no  changes  in  the.derivation  procedure of reference 12 and, for this 
reason,  the  details of the  modified  derivation  are  omitted  herein. Lo 

(u 
In 
N The  perturbation formula gives  the  effect of small changes  in  the 

nuclear  properties  of  any  portion of the  reactor  volume  on  the  reactivity 
of  the  entire  reactor. The perturbation  formula  is  herein  applied  to  the 
problems  ofdetermining  reactor  temperature  coefficient  of  reactivity  and 
excess  uranium  requirement  to  overcome  burnup  and  f-ission-product 
poisoning. 

Perturbation  formula. - The  two-group  neutron  diffusion  equations 
for  the  reactore  core  are 

where  the  subscript 0, used  to  indicate  reactor core, has been dropped 
in  this  section. 

In matrix  form,  these  equations  are  represented  by 99 a 0, where 
the  matrix  operator H is defined as 

and Cp is  the column matrix 

th 
cp= 

'pf 

The  operator .H defined  herein  includes  the  fast  fission  term 
Kf  LA,^ which was taken as zero in  reference 12. 
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The adjoint  matrix p, obtained by r e f l ec t ion  of al l  elements of 
H about i t s  pr inc ipa l  di&gonal, i s  given by 

The adjoint  matrix  equation  defining the adjoint  functions is  then 
= 0 and  the  adjoint  equations are given by 

The addition of the term Q XA,f i n   t h e  second-row  second-column 
element of the operator  matrices E and El? introduces no change i n  the 
detailed derivation of the perturbation  formula  given i n  appendix I of 
reference 12. Hence, only the final formulas are presented  herein. 

The perturbation formula, w r i t t e n   i n  terms of the neutron fluxes 
(Pth and gf and their   adjoint   funct ions @th and (ptf, is: 

where 
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If the indicated  matrix  operations are performed  and P- expressed 
i n  terms of the  various  contributions t o  the reac t iv i ty  due to   the  
individual changes i n  the  pertinent nuclear constants,  the following 
results  are  obtained: - 

where f 
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f 

h) 
UI 
N 
UI 

posit ion  (radius r, in   t h i s   ca se ) .  

Equations (3) and (4) are the  core  adjoint  equations. 

Dth,&'@th,O - 'A,th,Oq th,O i- KthCA,th,O f,O 
+ + (MI 

The reflector  adjoint  equations,   obtained  in  the same manner as 
fo r   t he  core, are 

In  the  der ivat ion of the  perturbation formula, the same boundary 
conditions are applied to the  aa jo in t  functions as are appl ied  to   the 
fluxes, namely: 

+ + CP f,0 = cp f , l  7 
9 th,O 'g+th, 1 

+ 
at core-ref  lector 

%,OV@f,O = Df,lW+f,l interface 

Dth, Ov@th, 0 = 'th, iJQ+th, 1 
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The solut ion of the adjoint  equations  subject t o  the foregoing 
boundary conditions is identical ,   in  procedure,   to the solution of the 
neutron flux equations subjec t   to  the same boundary conditione. 

Temperature coeff ic ient  of reac t iv i ty .  - The procedure  used f o r  
determining  the  differential  changes i n  the pertinent  nuclear  parameters 
with temperature,  required  for  use  in the perturbation formula, is pre- N 

sented-herein. 

K a’ 
K 

For  the fast parameters, two pr incipal   effect8 of change i n  t eqer -  
ature are accounted  for: 

Effect A - accounts  for change i n  neutron  energy  range  constituting 
the fast group. 

Effect B - accounts f o r  change in   densi ty  and  hence in   dens i ty  of 
nuclei of NaOE in   reac tor   core  only inasmch as uranium  and s t ruc tu ra l  
material remain f ixed   in   the   reac tor .  

The r e l a t ions   fo r   t he  fast parameters are 

J,I- dCA f aA f %h 
dT  d‘th dT 

I- % f %, f %h 
dT %h dT 
”- 

In   r e l a t ions  ( D 1 6 )  t o  (D18), the  respective values of d/du.t, a re  
obtained from equations. (CI), (C3), and (C4);  the  subscript  m r e fe r s  
t o   t h e  moderator. 

Effect B ie neglected i n  equations (D16)  and ( D 1 7 )  because the 
fast absorption by NaOH 18 B U I & ~ ~ .  Effect. A i6 negligible i n  conrparison 
t o   e f f e c t  B i n  the neutron elowing-down process and hence i s  neglected 
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i n  equation (D19). Effect B i s  included i n  equations (D18) and (D19) 
i n  a manner implylug  'that  the  diffusion  and slowing-down processes are 
due pr imari ly   to   the NaOH. 

For the  thermal parameters, two principal   effects  of change i n  
temperature axe accounted  for: 

Effect B - same as f o r  fast pmameters. 

Effect C - accounts  for change i n  microscopic  cross  sections  with 
change i n  thdrmal  temperature. 

For a l l  nuclei  within the reactor  excepting XeU5, the  microscopic 
absorption  cross  section UA is assumed t o  follow t h e  l/v l a w  i n  the 
v ic in i ty  of thermal energy. Hence, f o r  these nuclei  oA is inversely 
proport ional   to  6 EO that 

d'A, t h  8r 
'A, t h  2T 

a" 

For XeU5, a quantity axe which is a function of temperature is 
defined as 

The relations  for  the  thermal  parameters are 

The foregoing changes i n  nucleas  parameters are assumedto be 
homogeneously t l istr ibuted over the  entire  reactor  core.  No changes 
i n  the re f lec tor  parameters are taken as contr ibut ing  to  change $n 
reactivity. 



52 D NACA RM E52119 

Estimate of excess  uranium  requirements. - Use of the  perturbation 
formula  to  calculate  the  additional  uranium  required  to  counteract-  the 
effects of fission-product  poisoning  and  uranium  burnup is described 
herein.  The  principal  poisons  are  xe135  and f1n149; a host of other 
fission-fragment  poisons  appear  and are accounted  for  by  the  assumption 
that  for  every  uranium  atom  fissioned  the  equivalent of a single  poison 
atom  appears  with a microscopic  absorption  cross  section  crPA,th  equal 
to 100 barns. 

In cu 
In The  excess  uranium  requirement is given  by  the  relation  stating 

that  the  reactivity  decrease  due  to  accumulation of fissionrproduct  poison 
and  due  to fuel burnup  must  equal  the  reactivity  increase  brought-  about  by 
addition of extra  fuel. 

The  assumptions  used  in  the  calculation of these  reactivity  changes 
are  as follows: 

(1) Introduction of the fission  poisons  affects only zA,th. 

(2 )  Only the  uranium  thermal  absorption  and  production  parameters 
are  affected  by  subtraction or introduction of uranfum into the reactor 
core. This asamption implies  that  the  reactor is principally  thermal. 

(3) fission  poisons and added  uranium  are  assumed  to  be  distri- 
buted  uniformly  over  the  volume of the  reactor  core. 

Let: 

nmiber of uranirrm. atms per  cubic  centimeter of reactor core 
burned  up  during  the  required  reactor  operation. 

uranium  concentration  required for the hot -unpoisoned  reactor 
(Investment  corresponding  to  this  concentration  is  given  by 
the  criticality  calculations.) 

fractional  increase  in  uranium  concentrstion,  over  that  calculated 
for  the  hot  unpoisoned  reactor,  to  counteract  reactivity  effects 
associated  with  fission  product  poisoning  and fuel burnup. 

The  weighting  factors  in  the  expression for the  change  in 
reactivity P, are  evaluated  a8 follows: 

(a) To calculate  the  reactivity  decrease  due  to  poison,  P(CA,th) 
(equation (Dll) ) is  evaluated  by  taking 
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Jn 
3 n 

(b) To calculate  the reactivity  decrease due t o  fuel burnup, 
P ( Z A , ~ ~ )  (equation (DU) ) is evaluated by taking 

(e )  To calculate   the  react ivi ty   increase due t o  the  addi t ion of 
uranium in  excess of that required for c r i t i c a l i t y  of the hot  unpoisoned 
reactor,  P(xA,th)  (equation {Dn) ) is  evaluated by taking 

and P(V&, t.) (equation (D12) ) is evaluated by talring 
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(barns ) 

Na 

250 299 12 .o U 

"- 10.9 1.24 Fe 

"- 17.3 2.34 H i  

-0- reference 7 1 7  H 

" 0  3.9 .0005 0 

"- 3 .O 0.24 

% e m 1  energy Eth = 0.092 ev cor-  
responding to an average temperature 
of 14500 F. 
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Figure 1. - Schematic diagrem of BB(IB-zooled, moderatab, and reflected  reactor and typical 
heat-transfer  configuration. 
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rX?aOE reflector 
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PrhEl2-Y 
NaOH-t;>-liquia- 
m e w  heat exchanger 
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to-air - heat 
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Figure 2 .  - Schematic diagram of nuclear-powered turbojet  engine. Pr-y coolant, 
Nam; secondary coolant, l iquid metal. 
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" 

Reactor  core dbmeter, De, ft 
(a)  Reactor 1. Core oompositionr NBOII, 0.82; HI, 0.08~ xa, 0.10. 

F i g u r e  4. - Enriched  uranium  investment for  NaOH-COOl8d. moderated,  and reflected reactors. Lungth- 
diameter  ratio of cylindrical core, 1.0; average moderator temperature, 1C5Oo F. 

. 
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40 

B 

0 

Reactor  core diameter, D,, f't 

(b) Reactor II. Core composition: -OH, 0.82; Fe, 0.08; Ha, 0.10. - Figure 4. - Continued.  Enriched uranium investment for Naw-cooled, moderated, and reflected 
reactors. Lengthdiameter  ratio of aylindrical core, 1.01 average  moderator  temperature, 
1450° F. 
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Reactor  core  diameter,  Dc, ft 
(a)  Reaotor 111. core compoaltion:  OH, 0.90; Na, 0.1.0. 

Figure 4. - Continued.  Enriched  uranium  inventment for NaOH-cooled,  moderated,  and refleo- 

ature. 14W0 F. 
ted  reactors.  Length-dlameter  ratio of cylindrical oore, 1 . O j  averapp Eoderator  temper- 

. 

c 
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(d) Reactor IV. Core composition: NaOH, 1.00. 
Figure 4. - Concluded.  Enriched  uranium  investment for Ham-cooled, moderated, and reflac- 

ted  reactors.  Length-dlameter ratio of cylindrical  core, 1.0; average moderator  temper- 
ature,  1450° F. 
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Reflector  thickness,  tr, in. 
Figure 5. -.Representative  reflector savings  for NaOH-cooled, moderated,  and 

reflected  reactors.  Average reflector  temperature, 1400° F. 
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Reactor. core  diameter, Do,  ft 

Figure 6. - Comparison of critical  reactors I to IV. Reflector  thickness, 6 inches of NaOH; 
length-diameter ratio of cylindrical core, 1.01 average  mcderator  temperature, 14500 F. . 
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Figure 7 .  - Generalized o r i t i o a l  size and enriched  uranium  Investment as a function of thermal  neutron absorption parameter of reactor   s t ructure  f,fg,th for reactor8 moderated  and reflected: 
. 

" by NaOH. %ength-dIameter r a t i o  of cyl indrical  core 1.0.; average  moderator  temperature, 14500 p .  
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b 
0 .2 .4 .6 .8 1.0 1.2 1.4  1.6 

Reactor radiuti, r, it 

(a )  Reactor I. Core  cOmOsition: KaOH, 0.82; 
Hi, 0.08; Na, 0.10; uranium Investment, 
43 pounds. 
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Bsactor aora mliua. $io 
(a) Renotor I. M e  ampmition: mm, 0.82; (b) Fleaator 111. Con o a p o a i t l m r  ,Warn, 0.RO; 

Nl, 0.088 Na, 0.10. 
Plgum 9. - R a d i a l  hsot-generation dlatributiono. T h a d  tmpemtme, 14500 FJ ratio of h57ropsn to uranium a t a n  R, 100. 

wa, 0.10. 

n s z  ~ 

C I c 

. .  



. . . . . . . . . . . . . . . . . . . . . 

* 1 

. . . . . . . . . . . . . 

2525 

4 

Rsaotm oore radius, rho  
( a )  Reactor I. Core canposition: N&H, 0.~2; 

Hi, 0.08; Ha, 0.10. 
(b) Reactor 111. Core oompoeitlon: NaOB. 0.90; 

Ha, 0.10. 
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Figure 13. - Variation of required  reactor  heat  release with air heat-exchanger 
effective wall temperature for optimum turbojet  cycle. Data based on refer- 
ence 14. Ratio of structural t o  gross i-eight Ws/Wg, 0.30. - 
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800 loo0 1200 1 M O  1600 1800 
Air heatexchanger effective wall temperature %,=ff, F 

Figure 14. - Variation of required  airplane grose weight with air  heat-exchanger 
effective wall temperature for optimum turbojet  cycle. Data based on refer- 
ence 14. Ratio of structural  to gross weight IT,&, 0.30. 
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Blgurm 16. - Conoluded. Hnxilrma fuel-mlncent temperature a8 a funotim of required reaotor heat release for Maw-opolmd PBBOtorU 
In optinnm turbodot oyols.  Shield.  mutor, pay-ld, an8 auz l l iar j  @punt  weight WK, 150,000 poundsj m t l o  of struatmal 
t o  grosn velght W&, 0.m; owlant wloo i ty ,  15 k t  per naeond; fuel-aleasnt annd*ioh thlohsns,  0.012 inohj  length-dldmeter 
ratio of oylindriaal o m ,  1.0.  
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